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Bacteriophage P22 is an icosahedral phage with T=7 symmetry infecting host
Salmonella enterica serovar Typhimurium. P22 is an ideal model system to understand
the assembly mechanisms of other phages and viruses such as the Herpes Simplex
Virus due to the presence of the HK97 fold in their coat proteins. The assembly
mechanism is a well-orchestrated event; however, we are yet to comprehend the
significant structural changes that proteins undergo during assembly. The end of the
assembly process is marked by the formation of a procapsid which then undergoes
numerous conformational changes to form a functional, infectious virion. This event is
termed conformational switch. These changes provide the capsid which additional
stability to withstand both the internal pressure during DNA packaging and the repulsive
pressures while maintaining the DNA in the capsid shell. The phage capsid also needs
to be able to endure the pressure from DNA ejection or release into the host cell.
Previously, the N-arm and P-domain were shown to interact during the
conformational change to provide the capsid with stability (Parent et al., 2010b). The Dloops in the I-domains interact across the two-fold axes of symmetry using ionic
interactions to act like a molecular staple (D'Lima and Teschke, 2015). The E-loop also
undergoes movement during the conformational switch and has been shown to be
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important in stabilizing the capsids of other systems such as HK97, T4 and T7
bacteriophages (Fokine et al., 2006; Guo et al., 2014; Wikoff et al., 2000). This
dissertation elucidates the role of E-loop in capsid stability and the various
intracapsomer (between two adjacent coat monomeric subunits within the same
capsomer) and intercapsomer (between two adjacent hexons or hexons and pentons)
interactions that play a role in capsid stability. This is done by teasing apart a network
of hydrophobic interactions between the E-loop and P-domains at intracapsomer and
intercapsomer levels, acting like a hydrophobic brace holding the capsid together. This
work shows the importance of these interactions in capsid assembly and thereby capsid
stability of bacteriophage P22.
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Chapter 1. Introduction

a.

A historical introduction to research using phages
Historically, some of the most fundamental discoveries of modern molecular

biology were revealed by examination of phage-infected cells (Keen, 2015). Some
examples include the use of bacteriophage T2 to show that DNA, not protein, was the
genetic material by Hershey and Chase in 1952 (Crick et al., 1961). Crick and colleagues
showed that codons are degenerate and encode for single amino acids by making use of
T4 bacteriophage. Brenner et al. discovered that mRNA acts as the messenger in relaying
the information from DNA to ribosomes with the aid of bacteriophage T2 (Brenner et al.,
1961). Szybalski and colleagues demonstrated the semi-conservative mechanism of
DNA replication using phage λ (Taylor et al., 1967). Restriction modification, a bacterial
innate immune system evolved as protection against invading mobile genetic elements
such as plasmids and phages, was discovered in bacteriophage-infected cells. Restriction
mapping was crucial for the completion of the human genome project. The mechanism of
action of heat shock genes, that encode for molecular chaperones such as dnaK, dnaJ
grpE, as well as the groE gene locus, which encodes for the molecular chaperones GroES
and GroEL, were discovered in λ phage infected E. coli (Georgopoulos, 2006). The first
1

capsid assembly inhibitor, the fluorescent dye bisANS, was discovered in experiments
investigating assembly of phage P22 (Teschke et al., 1993). These are just some of the
examples of contributions made by bacteriophage research in the past few decades. Here
we discuss additional discoveries derived from studies of phages.
b.

Insights from phage capsid protein structures and assembly
Dennis Bamford and colleagues made a key observation that links eukaryotic,

archaeal and prokaryotic viruses: despite the lack of sequence homology, viruses from
all domains of life have capsid proteins that fall into four structural lineages (Abrescia et
al., 2012). These lineages are likely due to divergent evolution from common viral
progenitors (Abrescia et al., 2012). For example, the Picornavirus-like lineage has a
characteristic jellyroll or β-barrel roll fold in its capsid protein. This fold is seen in plus
sense ssRNA, ssDNA, dsRNA and dsDNA viruses and phages, although it is most
common in RNA viruses (Abrescia et al., 2012). As another example, the dsDNA phages
and Herpesviruses have a conserved coat protein fold known as the HK97-fold. We call
this ‘nature’s favorite building block’ due its common occurrence in the dsDNA class of
viruses, which are the most abundant entities on Earth (Suhanovsky and Teschke, 2015).
With its perfect wedge shape that can readily form the hexons and pentons requisite for
building an icosahedral capsid, the HK97-fold can be used to build an amazing array of
capsids with triangulation numbers (or T numbers) ranging from 1 to 52, yielding capsid
diameters of 25 nm to 160 nm (Hua et al., 2017). While the viruses in the HK97-fold
lineage have coat proteins that share less than 10-15% sequence similarity, they have
similar assembly mechanisms. For instance, several parallels can be drawn in the
2

assembly processes of Herpesviridae and members of the Caudoviridae family
comprising the tailed bacteriophages, including P22, T4, Φ29 and HK97. These include
the formation of an unstable procapsid intermediate, the use of an internal scaffolding
protein (or delta domain) to aid in the formation of the procapsid that is absent from the
mature virion, and the use of a unique portal vertex for the uptake of DNA into the empty
procapsid during maturation (Brown and Newcomb, 2011). In case of T4 and HK97
phages, the scaffolding protein is proteolytically cleaved during the maturation process,
a feature seen in Herpesvirus as well (Fokine and Rossmann, 2016). These proteases,
belonging to the procapsid protease superfamily, are evolutionarily related (Cheng et al.,
2004; Suhanovsky and Teschke, 2015).
The structural homology observed in coat proteins can be generalized and applied
to other structurally related viruses. If we begin by considering the phage HK97 coat
protein (Figure 1-1), the G-loops interact with the E-loop of an adjacent subunit to form a
salt bridge that stabilizes the capsomer interactions in the procapsid across a 2-fold axis
of symmetry (Wikoff et al., 2000). In phage P22, an extra domain (I-domain) is inserted
within the A-domain of the HK97 core of the coat protein (Figure 1) (Hryc et al., 2017;
Teschke and Parent, 2010a). The D-loops of the I-domain make stabilizing contacts
across the 2-fold axis of symmetry with the adjacent subunit, similar to the G-loops (within
the P domain) in the HK97 coat protein (D'Lima and Teschke, 2015). The roles of these
loops in the proper procapsid formation have been elucidated experimentally in both
HK97 and P22: aberrant structures such as tubes result from substitutions in these loops.
A similar theme can be seen with the E-loop of the HK97 fold, again with slight variations
as we compare coat proteins. In the HK97 coat protein, E-loop interactions stabilize the
3

capsids through making covalent isopeptide crosslinks with the P-domain of the adjacent
subunit (Wikoff et al., 2000), as well as ionic interactions with G-loops (Hasek et al., 2017).
In phage T4’s coat protein a domain is inserted into the E-loop. This inserted domain
interacts with an adjacent subunit, stabilizing the capsid in a fashion analogous to the
crosslinks in HK97 (Fokine et al., 2005). Structural evaluation of the phage P22 capsid
indicates that the E-loop makes salt bridges with the spine helix of the neighboring subunit
to stabilize the capsid (Hryc et al., 2017). Overlay of cryoEM density maps of Herpes
Simplex Virus-1 (HSV-1) base domain with HK97 coat protein highlights the importance
of the E-loop in HSV-1 capsid as well. The E-loop of HSV-1 contacts the adjacent subunits
at multiple points, including the spine helix, the middle and upper domains. The density
maps also show that the E-loop of the HSV-1 capsid interacts with the N-arm of an
adjacent subunit, similar to that observed in phage HK97 (Huet et al., 2016). These data
indicate that the E-loop plays a crucial role in making stabilizing contacts with other
subunits, and it appears to be conserved between structurally similar phages and viruses.
c.

Phages and vaccines
The repeated use of the same subunit to build an icosahedral capsid, and the high

stability of phage capsids, has made phages ideal vehicles for vaccine development.
Phage particles with displayed antigens and virus-like particles robustly provoke immune
responses. When phage F1 was conjugated with B2.1 peptide, the immune response
generated in mice was much stronger than when the peptide was conjugated with
ovalbumin (van Houten et al., 2006), and when the filamentous bacteriophage fd was
conjugated with peptide epitopes, both humoral and cellular immune responses were
4

elicited by activating major histocompatibility complexes (MHC) I and II after being taken
up by lymphocytes (Gaubin et al., 2003). In an additional example, l phage decorator
protein gpD fused with fragments of aspartate b-hydroxlase, a protein overexpressed in
hepatocarcinoma cells, provoked a strong anti-tumor immune response in mice (Iwagami
et al., 2017).
Virus-like particles (VLPs) are also used for vaccines. VLPs are composed of only
the protein structural units of a virus and lack genetic material, thereby rendering them
non-infectious (Figure 1). These particles illicit a strong immune response of both the
innate as well as the adaptive immune systems (Schwarz and Douglas, 2015). The size
of VLPs ranges from 20-200 nm, allowing them to be endocytosed by different cells in the
human body including antigen presenting cells, such as dendritic cells and macrophages
(Schwarz and Douglas, 2015). Both RNA and DNA phages, (MS2, PP7, Qb, P22) are
being used to generate VLPs for vaccines (Frietze et al., 2016) VLPs from the RNA
bacteriophage Qb are being tested as vaccine carriers against Alzheimer’s disease,
malignant melanomas, Type II Diabetes mellitus, all of which are in different phases of
clinical trials (Huang et al., 2017).
Phages are being engineered for DNA vaccines, where the gene encoding the
antigenic epitope is cloned into the phage genome but is under the control of a eukaryotic
expression cassette (Figure 1-2). A eukaryotic expression cassette is composed of a
promoter, an open reading frame (ORF) and a polyadenylated 3’ untranslated region
(UTR). Phage DNA vaccines are easily taken up by antigen-presenting cells and the
phage capsids protect the DNA from nucleases. About 15-20 kb expression constructs
5

can be carried within phages such as λ, which means multiple vaccines can be cloned in
the phage genome at once. A DNA vaccine for the small surface antigenic (HBsAg) of
hepatitis B virus has been developed using λ phage. This phage vaccine improves upon
the previously used hepatitis B vaccines, which failed to elicit a strong immunogenic
response. The phage vaccine has been successfully tested on rabbits, where it is highly
immunogenic, and is now awaiting human trials (Clark et al., 2011).
d.

Insights based on phage tail machinery
Evolutionary links also can be seen in the tail machinery of bacteriophages and

the type VI secretion system (T6SS) of bacteria (Taylor et al., 2018).The T6SS system is
used by many Gram-negative α-, β- and γ-proteobacteria to deliver proteins to other
bacteria and eukaryotes and has features that are structurally analogous to contractile
myophage tails. The T6SS system is comprised of three structural components: the inner
tube, sheath and baseplate. The hemolysin co-regulated protein (HCP), a crucial
component of the T6SS, spontaneously assembles into hexamers to form the tube. The
tip of the tube contains a trimer of the VgrG protein, another hallmark protein of the T6SS.
A sheath wraps around the tube to form an inverted phage tail-like structure (Brunet et
al., 2014) and provides the tube with a contractile function to release effector molecules.
HCP protein is structurally related to the tail tube protein (gpV) of bacteriophage λ (Pell
et al., 2009). The VgrG protein shares sequence as well as structural similarity to the tail
needle machinery of the T4 bacteriophage. It also shares functional homology since it is
responsible for puncturing target cells (Cascales and Cambillau, 2012; Taylor et al.,
2018). The general mechanism of assembly for the two systems is similar in the need for
6

a baseplate and the use of the tube as a template for the polymerization of the sheath
(Zoued et al., 2014).
The R and F-type pyocins produced by Pseudomonas aeruginosa are structurally
similar to phage tails, and are thought to have evolved from defective phages owing to
the high sequence homology and the presence of a lysis cassette in the pyocin gene
cluster (Michel-Briand and Baysse, 2002; Nakayama et al., 2000). The R-type pyocins
share a high similarity to the contractile, non-flexible tail structures of the P2 phages,
whereas the F-type pyocins are related to the flexible and non-contractile bacteriophage
λ tail (Nakayama et al., 2000). As a final example of phage proteins being absconded for
alternative uses by other organisms, Photorahbdus Virulence Cassettes (PVCs) have
been found in the insect pathogen Photorhabdus and in the plasmid pADAP of Serratia
entomophila. PVCs contain phage-derived toxin genes that inhibit the larvae of beetles
from feeding (Taylor et al., 2018). Apart from gene products that confer insect larvae with
antifeeding activity, PVC cassettes also encode a bacteriocin that is structurally similar to
the R-type pyocin (Taylor et al., 2018). This shows how widespread the phage genes are
and that these genes are likely just a fraction of the ones that get fixed in the host
chromosome or their extra chromosome elements.

7
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Figure 1-1. Structure of the P22 capsid and coat protein monomers of P22 and
HK97. A. Capsid structure of bacteriophage P22. The left side of panel A shows the
mature P22 capsid. The pentons are highlighted in blue and hexons are shown in gray.
The asymmetric unit (seven subunits) of the capsid is represented in ribbon format in the
center of the capsid. The asymmetric unit is magnified and shown on the right of the
panel. B. Ribbon diagrams of coat monomers of P22 (left) and HK97 (right). The Adomains, P-domains, E-loops and N-arms have been highlighted in cyan, green, yellow
and red, respectively. The I-domain of P22 coat protein has been highlighted in coral. The
arrows indicate the D-loop (purple) of the monomer of P22 (left) and the G-loop (purple)
on the monomer of HK97 (right).
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Figure 1-2. Phage use in vaccine design and delivery. The left panel shows the use
of a VLP to express an antigenic gene product on its capsid. The right panel shows an
antigenic gene being cloned into the phage genome and its subsequent use as a DNA
vaccine carrier. VLP, Virus-like particle.
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e.

Conclusion
Time and again bacteriophages have helped further scientific progress in biology.

Evolutionary links can be seen between viruses such as phage P22 and HSV-1, and also
between bacterial viruses and their hosts. This makes bacteriophages ideal as model
systems to understand mechanisms such as viral assembly and evolution of pathogenic
bacteria. Certainly, further studies will find even more links between viruses infecting
hosts from different domains, and reveal new relationships between viruses and their host
cells.
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* Reprinted from Asija.K., and Teschke,CM., Plos Pathogens, 2018, doi:
10.1371/journal.ppat.1006970

a.

Introduction
Bacteriophages, or phages, are considered the most abundant entities on the

planet with their total numbers ranging from 1030-1031 particles (Chibani-Chennoufi et al.,
2004). Phages are known to play an important role in driving the evolution of their bacterial
hosts mostly via generalized and specialized transduction mechanisms (Balcazar, 2014).
Phage therapy as a means to eliminate bacterial pathogens was used first in the 1920s;
however, its use declined due to the advent of antibiotics in the 1940s (Criscuolo et al.,
2017). Eastern European countries have performed human trials for phage therapy for a
century now, including a phage therapy trial in 1938 at the Eliava Institute of
Bacteriophage in Georgia, which successfully eliminated bacterial dysentery in 74% of
the 219 cases by using a phage cocktail that targeted a wide range of causative agents
for dysentery (Kutateladze and Adamia, 2008). Here we present some of the major
contributions of phage research to human health.
b.

Phages and health
The role of the ‘phageome’ or the ‘virome’ in human health is the most recent and

could be considered phages’ most significant contribution to human health (Manrique et
al., 2016) (Figure 1-3). In the normal gut, phages reside in mucus and protect the gut
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from invading bacteria, which need to get through the mucus to invade host cells (Barr et
al., 2013). However, when a disease leads to gut pathogenesis, this protection can be
lost. For example, there is a decrease in the variety of the Caudovirales (tailed)
bacteriophages (predominant in the human gut) in Crohn’s disease (CD) cases compared
to the controls, suggesting that the phages likely play a role in the development of the
disease (Wagner et al., 2013). The role of phage dysbiosis is being studied in Irritable
Bowel Disorder (IBD), as well. In IBD, the trend observed in Caudoviriales bacteriophage
richness is inversed to the one seen in case of CD (Norman et al., 2015). The role of
phages in exacerbating intestinal inflammation, the primary symptom of IBD, can be in
part explained by the release of the phages from their host bacteria in the gut. They can
act as antigens and induce the activation of the humoral immune system, thereby
aggravating the inflamed state (Uhr et al., 1962).
The role of the phageome in the enrichment of microbial antibiotic resistance
genes cannot be overlooked. The increase in antibiotic resistance is attributed to an
increase in specific inactivators of drugs such as chloramphenicol acetyltransferase
and/or an increase in the multidrug resistance exporters such as mdtK (Modi et al., 2013).
Following antibiotic treatment, there is in an increase in exchange of genetic material
between host microbes and their prophages, bringing about enrichment of genes that
almost guarantees the survival of the bacterial host (Modi et al., 2013).
c.

Phage therapy for treatment of bacterial infections
In precision medicine, manipulation of an individual’s microbiome has been

proposed as a way of using the to treat specific conditions (Zmora et al., 2016). One could
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consider the use of the phageome as another treatment, especially to control the
epidemic of antibiotic resistant bacteria. Tailed bacteriophages are most commonly used
for phage therapy. One of the main advantages of using phages as antimicrobials over
antibiotics is their high rate of replication and that they will continue to replicate as long
as there are viable bacterial hosts. Also, the impact they have on the environment
compared to antibiotics is minimal since they are largely made of proteins and nucleic
acids. Of course, bacteria can become resistant to phages, so a cocktail of different
phages is commonly used in phage therapy, and the composition of the cocktail varied
as treatment progresses (Biswas et al., 2002).
Some of the success stories of phage therapy include using phage cocktails to
treat Clostridium difficile infections (Nale et al., 2016). The difficulty in treating the C.
difficile infections arises from their naturally antibiotic resistant biofilms, but phages are
able to penetrate into biofilms and kill the microbes. In another study, a combination of
antibiotic and phage therapy treated a urinary tract infection caused by a refractory strain
of Pseudomonas aeruginosa. A two-log reduction in the counts of the organism was seen
over a span of 10 days, with a concomitant decline in the bacteriophage counts
(Khawaldeh et al., 2011). This study shows the effectiveness, as well as the safety, of
phage therapy.
Multidrug-resistant (MDR) strains of Acinetobacter baumanii are an increasing
problem for hospitals. In a recent high-profile case, a patient with MDR A. baumanii was
successfully treated with several rounds of phage therapy after all efforts at antibiotic
treatments failed to resolve the patient’s infection (Schooley et al., 2017). Further
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research for phage therapy to fight MDR A. buamanii and other MDR bacteria is on-going
(Chen et al., 2017a). A more advanced application of phage therapy is the use of
filamentous phages, such as M13, in targeting cancer cells. The M13 phage has been
engineered to selectively target and deliver drugs into prostate cancer cells in in vitro
conditions (Ghosh et al., 2012).
One of the major risks of using phages for therapy is toxin release from the host
cells upon being lysed by phages. Often times the toxin gene (such as the Shiga toxin
gene) is present in the genome of temperate phages and could potentially be expressed
during infection of host cells. Another drawback of using phage therapy is the risk of
release of lipopolysaccharide (LPS) from Gram-negative host cells as a result of phage
induced cell lysis. This is of acute clinical significance since the released LPS or endotoxin
can cause heightened inflammation and tissue damage in patients suffering from
septicemia (Kirikae et al., 1997). With time, the hope is to use phages routinely for
treatment of bacterial infections, eliminating or as a supplement to the use of antibiotics.
In the interim, phages are already being used to treat biofilms on medical devices and
industrial applications (Motlagh et al., 2016).
d.

The evolutionary arms race
Host cells and their phages constantly co-evolve to gain a fitness advantage over

each other. As an example, the CRISPR-Cas9 system is a type-II bacterial adaptive
immune system that was discovered in Streptococcus pyogenes (Cong et al., 2013).
CRISPRs (or Clustered Regularly Interspaced Short Palindromic Repeats) are found in
many bacterial species as a defense mechanism against bacteriophages and other
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foreign DNA. A dsDNA nuclease (e.g., Cas9) is associated with this system and is
responsible for the introduction of chromosomal breaks. A CRISPR-associated guide
RNA (crRNA) identifies the target DNA sequence that is then acted upon by the Cas9.
The ability to cut DNA at specific sites directed by the CRISPR guide RNAs has
revolutionized molecular biology, and will allow humankind to manipulate genomes at will.
The discovery of anti-CRISPR proteins, which are carried by some phages to
evade their host’s CRISPR restriction system, suggests we have not yet found all the
tricks phages are able to employ for survival (Pawluk et al., 2017). Phages can even
communicate the state of the infection with small molecules. In this communication
system, termed ‘arbitrium’, the progeny phages estimate the number of previous
infections by measuring the concentration of the peptides in the medium. Phages
belonging to the spBeta group, which include phages phi3T, phi29 and spBeta, carry an
operon that codes for genes to synthesize a short peptide with the sequence ‘SAIRGA’,
as well as an intracellular receptor for the peptide and an inhibitor of lysogeny. These
peptides are secreted into the medium following the infection of host cells by phages, and
subsequently transported into bacterial cells via the oligopeptide permease transporter.
An increased intracellular concentration of the peptide signals to the phage a switch from
lysis to lysogeny. This means that the greater the concentration of the peptide, the more
likely the phages are to enter the lysogenic state, allowing the host cells to continue to
grow, rather than lyse all of the host cells. (Erez et al., 2017).
Beyond the CRISPR/Cas systems and the well-known restriction modification
systems, bacteria have many other antiviral schemes. These include the sirtuins, which
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are evolutionarily conserved NAD+ dependent enzymes shown to restrict viral replication
in both mammalian and bacterial cells. They have a range of activities including ADP
ribosylation, lysine deacetylation and also act as lipoamidases (Rowland et al., 2017). For
example, the CobB protein of E. coli is a lipoamidase and plays a role in anti-phage
defense. This was determined by knocking out the gene, infecting the cells with T4 phage,
and showing the burst size of the phage increased significantly upon deletion of the cobB
gene (Koyuncu et al., 2014). Another recently discovered defense mechanism in Bacillus
paralichemiformis is the DISARM system. DISARM or the Defense Island System
Associated with Restriction-Modification comprises of five genes located on defense
islands, which usually contain the genes involved in host defense. This system uses a
restriction modification system to inhibit phage replication and methylates the cytosine in
the CCWGG motif of its own DNA (where W could be an A or a T) (Ofir et al., 2017). It
differs from previously known mechanisms since it employs more than one protein for
modification. The DISARM system also inhibited phages that lacked the motif thereby
demonstrating its complex and yet-to-be-understood mode of action.
The co-evolution of the predator-prey relationship between phages and bacterial
cells can be additionally exemplified by Vibrio cholereae, which carries an
extrachromosomal element called Phage-inducible chromosomal island-Like Element
(PLE) (Figure 1). PLE prevents infection and spread of the predatory phage ICP1 into
other V. cholerae populations by inducing cell lysis before progeny phages can be
produced. In order to overcome this host defense mechanism, phage ICP1 has evolved
its own phage-encoded CRISPR/Cas system that obliterates the PLE in the host cells,
thereby furthering its propagation in the host cell population (O'Hara et al., 2017). This
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sheds light on a new mechanism to ablate pathogenic bacteria, although a deeper
understanding will be vital in order for us to benefit from it. Nevertheless, this provides yet
another example of how investigating the evolutionary arms race between phages and
host cells may provide fruitful advances to humankind.
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A.

B.
DISARM and

CRISPR-Cas system

systems

Phage-encoded
CRISPR-Cas and
anti-CRISPR systems

Use of phages to
deliver drugs for
cancer and other
disease therapies

Phage communication
system “arbitrium”

Gut phages protect
the body from invading
bacteria

Phage therapy to
treat antibioticresistant bacteria

on CD and IBD

Figure 1-3 Co-evolution of phage with bacterial hosts and effects of phages on
human health. A. Mechanisms of co-evolution by phages and their bacterial hosts. B.
Phages can affect human health directly or can be used after genetic manipulation to
affect disease outcomes.
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e.

Conclusion
Phages are the ideal alternatives to antibiotic use since they are extremely host

specific, they are easy to manipulate and are generally safe for human use. Therefore,
phage-based research is a logical step towards eradication of antibiotic resistant
microbes. This is true especially since phages offer a multitude of ways to tackle this
problem, whether it is through the use of phage therapy or by genome-editing. We are
convinced that continued studies of bacteriophages will increase our arsenal of molecular
tools for all sorts of uses in biology.
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a.

Virome: abundance, diversity and evolution
Viruses are known to be the most abundant entities on the planet, infecting hosts

from all three domains of life. The significance of viruses can be exemplified by their role
in the ecosystem where they are predicted to eradicate one fifth of the marine biomass
per day (Bamford, 2003; Suttle, 2007). It has been estimated that approximately 1011
kilograms of carbon is released per day as a result of phage mediated host cell lysis in
marine environments (Brussaard et al., 2008; Suttle, 2007). Viruses are also responsible
for causing the greatest number of infectious diseases as they are known carriers of toxin
encoding genes and other virulence factors responsible for pathogenesis in humans
(Boyd, 2012; Canchaya et al., 2004; Casas and Maloy, 2011; Casjens, 2003; Chen and
Novick, 2009; Fortier and Sekulovic, 2013; Hatfull and Hendrix, 2011; Oliver et al., 2009;
Yang et al., 2008). Due to their high abundance, of the order of 1031 particles, paired with
high genetic diversity, they play a pivotal role in the evolution of cellular organisms (Suttle,
2007; Wommack and Colwell, 2000). They are responsible for transduction of genes
between bacterial host cells involved in antibiotic resistance (Bearson et al., 2014; Chen
and Novick, 2009; Modi et al., 2013; Volkova et al., 2014).
There is an estimate of the number of phages present in the biosphere, based on
the number of the spacer sequences with homology to the known phage sequences, only
2% of phages have been discovered (Mojica et al., 2005). As of 2016, only 77 genomes
of phages infecting bacteria and Archaea have been deposited in the NCBI database.
These numbers are astoundingly low compared to the 67,806 completed bacterial
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genomes deposited in the database, especially since the virus to bacterium ratio has been
estimated to be 10:1 (Chibani-Chennoufi et al., 2004; Jurczak-Kurek et al., 2016). In
recent years, analyses of environmental samples for phage diversity based on
metagenomic approaches has provided insurmountable evidence for the overwhelming
diversity of phage genomes (Andersson and Banfield, 2008; Brum and Sullivan, 2015). A
study done in 2015 analyzed ocean surfaces for phage enrichment. Of the 43 ‘viromes’
obtained, which contained 5476 populations of phages, only 29 were previously known
(Brum and Sullivan, 2015). In a 2016 study, 75 locations were sampled from the world’s
oceans and it tripled the number of known phage genomes from the 15,000 epipelagic
and mesopelagic samples obtained (Roux et al., 2016). There needs to be a change in
the environments that are sampled for discerning phage diversity. For example, sampling
of the virome from the photic zone of the oceans is nearing saturation while the sampling
from the aphotic zones in deeper oceans is far from saturated (Mizuno et al., 2016; Roux
et al., 2016; Roux et al., 2014). The boom in human microbiome research resulted in an
intense sampling of especially the gut virome or the phageome. A core phage community
has been identified in healthy individuals and ‘crAssphage’ is the most abundant phage
in the gut phageome as it was identified in 90% of the samples (Dutilh et al., 2014;
Manrique et al., 2016; Stern et al., 2012). A high volume of sampling has resulted in a
near saturation of the phage genome discovery from the human gut (Paez-Espino et al.,
2016).
Due to a high influx of the phage genome data we are moving closer to
understanding phage evolution. A recent study used capsid and packaging proteins to
determine evolutionary relatedness between 1400 phage samples and Herpesvirales It
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showed that two of the genes shared between the dsDNA phages and members of the
Herpesvirales are the major capsid gene and the gene encoding the large subunit of the
terminase protein. Some other genes shared between them include the capsid maturation
protease and two subunits of the ribonucleotide reductase (Iranzo et al., 2016).
Evolutionary strategies of phages have been organized into two groups as high and low
rates of horizontal gene transfer and also varies between hosts and whether phages are
temperate or lytic in nature (Mavrich and Hatfull, 2017). An increase in the data for phage
genomes should pave way for more resources to understand viral evolution and thereby
classification.
b.

Phage classification
Phages can be classified based on different criteria such as nucleic acid present,

morphology and genome similarity. Physical and chemical features such as the weight,
and the percentage of proteins and lipids present, site of replication and assembly,
physiological characteristics such as site of adsorption, host range, temperate or lytic
phage can also be used for their classification (Ackermann, 2009). Based on nucleic acid
content phages can be differentiated into double stranded (ds) DNA phages, which
constitute the majority, single stranded (ss) DNA phages, ssRNA and dsRNA phages,
which are very rare. Tailed, dsDNA bacteriophages comprise of a vast majority of the
phages (~96%) and belong to the order Caudovirales which are further subdivided into
three families- Myoviridae, Podoviridae and Siphoviridae. Phages belonging to the
Myoviridae family are characterized by the presence of a neck, a contractile tail and a
central tube. Members of the Siphoviridae family have a simple, noncontractile tail and
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constitute 61% of the tailed phages. Lastly, phages belonging to the Podoviridae family
have short, non-contractile tails and are more closely related to Myoviridae than
Siphoviridae (Ackermann, 2009). However, morphological traits-based classification
seemed to be inadequate for phages, thus conserved structural proteins were used for
their classification (Lawrence et al., 2002; Lopes et al., 2014). The terminase gene which
is one of the most conserved genes in bacteriophages encodes an accessory protein
ATPase that is responsible for packaging of the phage DNA (Fujisawa and Morita, 1997).
Owing to the high degree of conservation, phages have been classified using the
terminase genes (Serwer et al., 2004). Four marine cyanophages, P-SSM2, P-SSM4, SPM2, and Syn9, infecting Procholococcus and Synechococcus strains have several
genes in common with the T4 coliphage and are known as ‘exo-T-evens’ or
cyanomyoviruses (Desplats and Krisch, 2003; Hambly et al., 2001; Lavigne et al., 2009).
A homologue of gene 20 encoding portal protein, was used to study the diversity of
Myoviridae in Synechococcus cyanophage isolates (Breitbart et al., 2002; Waterbury and
Valois, 1993). This gene homologue is a signature of the T4-like myoviruses and evolves
at a slow rate due to the role its expressed protein plays in initiating assembly of capsids
(in many of the phage and viral systems), packaging of DNA and also acts as the site for
attachment of the tail machinery (Hsiao and Black, 1978; Motwani and Teschke, 2019;
van Driel and Couture, 1978). There was a direct correlation between the diversity of
cyanophages with the abundance of Synechococcus population using gene 20
(Frederickson et al., 2003; Jameson et al., 2011; Muhling et al., 2005).
Phages and viruses that infected distantly related hosts, sometimes belonging to
different domains of life, possess a common fold in their major capsid protein (MCP)
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(Benson et al., 1999, 2004). This led to the hypothesis, that despite the low similarity in
their genome sequence, they could have arisen from a common ancestor and may
therefore be related. This was demonstrated by the presence of a tailless icosahedron
virus infecting the hyperthermophilic archaeon Sulfolobus solfataricus contained the
double b-barrel fold that is also seen in the MCP (also referred to as coat protein) of
Adenovirus and PRD-1 virus (Abrescia et al., 2012; Rice et al., 2004). A second structurebased lineage was identified in tailed phages that possessed the Hong Kong 97 fold or
HK97 fold in their coat proteins. This fold was found not only in phages but also in viruses
such as the herpes simplex virus (Baker et al., 2005; Dai and Zhou, 2018; Effantin et al.,
2006; Fokine et al., 2005; Jiang et al., 2003; Lander et al., 2009; Morais et al., 2005).
While it is known that archaeal viruses have the head-tail morphology of tailed phages
with similarities in assembly and maturation mechanisms, there is not a lot of evidence
for the presence of the HK97 fold in their coat proteins as suggested by bioinformatic
analyses (Krupovic et al., 2010; Prangishvili et al., 2006). The HK97 fold has been seen
in nanocompartments in the archaeon Pyrococcus furiosus, which is used for enzyme
storage and lacks any genetic material (Akita et al., 2007; Heinemann et al., 2011).
Further, the coat protein of the HSTV-1 virus infecting the Halarchaeon Haloarcula
sinaiiensis also contains the HK97 fold, and its capsid most closely resembled the head
II conformation of the HK97 capsid (Pietila et al., 2013). Since tailed bacteriophages,
which are the most abundant entities in the world, possess the HK97 capsid fold, it is
thought to be the most abundant protein fold present.
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c.

Significance of the HK97 fold
The HK97 fold is structurally conserved and is characterized by having an N-arm,

a peripheral or P-domain (comprised of a long, spine helix and a three stranded b-sheet),
an elongated or E-loop (comprised of two, antiparallel b-sheets) and an axial or A-domain
(comprised of a central, conserved b-hinge region) (Figure 1-4). Capsids with the HK97
fold can vary in size from 24nm to 180nm to increase the capsid subunits commensurate
with the length of the genome (Duda and Teschke, 2019). The capsid subunits are
organized as hexons and pentons, with an increase in the number of hexons as the
triangulation number increases causing a concomitant increase in capsid diameter. In
addition to the conservation of structural elements in capsids of phages with the HK97
fold, there is a conservation in the roles of the different domains within the HK97 fold as
well.
The A-domain in the P22 capsid is plays a role in conformational switch, wherein,
there is a change in the conformation of hexons and pentons from the immature procapsid
stage to the mature virion stage (Kang et al., 2006). This conformational switch is
necessary for the capsid to take on a more faceted conformation, in addition to the
increase in volume and diameter that mostly accompanies the maturation or expansion
step (Kang et al., 2006; Kang and Prevelige, 2005). Further, in P22 global second site
suppressors have been repeatedly isolated in the b-strands of the A-domain in response
to temperature sensitive phenotype mutants (tsf) in the coat protein (Aramli and Teschke,
1999; Parent et al., 2007b; Teschke and Parent, 2010a). These strands are a part of the
conserved b-hinge region which is comprised of 4 b-strands that link the I-domain to the
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A-domain of the P22 coat protein. This shows that the A-domain likely plays a role in
phage assembly as well. In the prolate phage T4, the capsid is formed by the copolymerization of pre-formed hexons and pentons instead of the individual monomers
coming together and arranging themselves as hexons and pentons during assembly in
phages such as P22. The pentons (formed by protein gp24) form the vertices of the capsid
while the hexons (formed by gp23) form the rest of the capsid shell. Mutations in the Adomain result in the hexons displacing the pentons at the vertices (Fokine et al., 2005;
McNicol and Simon, 1977). Rigid body rotation of the A-domain during capsid expansion
has been observed in the capsids of HK97 and lambda phages (Conway et al., 2001;
Gertsman et al., 2009; Singh et al., 2013).
The peripheral P-domain, which delineates the periphery of the coat protein, is
important for making intercapsomer contacts in the SPP1 capsid (White et al., 2012).
Point mutations made in the P-domain of T4 bacteriophage capsid result in the formation
improperly formed procapsids as demonstrated by the formation of petite heads or giant
heads (Fokine et al., 2005; Lane and Eiserling, 1990; Mooney et al., 1987). The N-arm
and P-loops (in the P-domain) make contacts at the quasi-three fold axes during
maturation of P22 (Parent et al., 2010b). The N-arms reorganize themselves during
maturation, and the P-loops exhibit limited mobility by acting as molecular staples to
enhance capsid stability. This interaction between the N-arm and P-loops has been
proposed to be the site for interaction with scaffolding protein. While P-domains do not
undergo significant conformation changes upon maturation, there is an unkinking event
that occurs in the spine-helix during this time in the P22 coat protein (Chen et al., 2011).
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The elongated E-loops have been shown to make contacts either between adjacent
subunits or between adjacent capsomers or both. The interactions that the E-loop makes
with either the A-domain or the P-domains of the adjacent subunit have been
demonstrated in systems including HK97, P22, T7, T4, TW1 and P22 capsids (Chen et
al., 2017b; Guo et al., 2014; Hasek et al., 2017; Parent et al., 2010b; Wang et al., 2018).
In the HK97 capsid, the E-loops covalently crosslink with P-domains of the adjacent
capsomer (Dierkes et al., 2009; Wikoff et al., 2000). Further they also interact
electrostatically with G-loops (10 residue long sequence that is rich in glycines and is a
part of the spine helix) of the adjacent capsomers, a disruption of the interaction results
in the formation of tubes or incompletely formed procapsids (Tso et al., 2017). In the HK97
fold containing capsid protein of Bordatella bacteriophage BPP-1, the E-loops and Pdomains from adjacent capsomers, meet in a head-to-tail manner. This is akin to the
covalent chainmail seen in the HK97 capsid except the interactions in this case are
primarily electrostatic (Zhang et al., 2013). The capsid marine bacteriophage TW1 also
possesses the HK97 fold and the E-loop of one subunit interacts with the P-domain of
another capsomer (Wang et al., 2018). Further, the E-loop interacts with the N-arm of the
same subunit as well as of another subunit (in the adjacent capsomer). The E-loops in
the HK97 capsid also use salt bridges to interact with the P-domain of the adjacent subunit
(Hasek et al., 2017). The E-loop in the T4 capsid, has an inserted domain that also
interacts with the adjacent capsomer in a similar fashion (Fokine et al., 2005). A recent
study has proposed the importance of the intrasubunit interactions made by E-loops in
providing the capsomers with the correct conformation while the intercapsomer
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interactions being important to ensure proper assembly of capsomers into higher order
structures (Duda and Teschke, 2019).
d.

Mechanisms of capsid stability
Self-assembly, a common phenomenon in icosahedral viruses, usually occurs by

co-polymerization of major capsid proteins with scaffolding protein acting as a chaperone
(Fane and Prevelige, 2003; Johnson, 2010). Capsid stability is achieved either by a
myriad of interactions within the capsid and/or by proteins embellishing the capsid. These
proteins, also known as decoration proteins, have been identified in Adenoviruses and
Herpesviruses and also in phages such as the T4, l, f29 and play a stabilizing role
(Fokine et al., 2004; Ishii and Yanagida, 1977; Lander et al., 2008). In phage lambda,
gpD, stabilizes the capsid head, protecting it from the internal DNA pressure by attaching
to the three-fold sites on the capsid (Casjens and Hendrix, 1974). The N-terminus of the
protein, which is disordered in its native state, was shown to be crucial for binding to the
capsid (Yang et al., 2000). This protein is important for capsid stabilization during DNA
packaging as it was seen that phages that packaged DNA without gpD resulted in
ruptured capsid shells (Fuller et al., 2007). Decoration protein pb10 of bacteriophage T5,
binds to the center of hexons in the capsid and protects the phage from premature release
of its genome. This protein contains an N-terminal a-helical domain that binds to the T5
capsid with a high affinity, the C-terminal domain (CTD) on the other hand has an Ig-like
domain that Is mostly solvent exposed (Vernhes et al., 2017).
Small outer capsid protein (Soc) and highly antigenic outer membrane protein
decorate the capsid of the T4 bacteriophage after maturation. While binding of Hoc
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molecules do not have a substantial effect on the stability of the capsids, Soc binding
protects the capsid from denaturation in conditions of high temperature and pH (Ross et
al., 1985). The smallest structural protein in Adenovirus (protein IX or pIX) was initially
thought to act like a cementing protein or glue (Colby and Shenk, 1981; Maizel et al.,
1968). However, pIX in fact acts like a transcriptional activator, although it is nonessential
for a successful infection by the virions (Parks, 2005). The protein binds to the group-ofnine (GON) hexons that form the core of each facet of the adenoviral capsid (Parks,
2005). In the absence of pIX, the capsid is more heat labile and does not dissociate into
its hallmark GON structures (Colby and Shenk, 1981). A minor protein of Herpesvirus,
UL25, is important for the incorporation of the dsDNA genome into the capsid after it has
been cleaved and packaged from the precursor molecule (McNab et al., 1998;
Ogasawara et al., 2001). This protein is also important for uncoating of the viral genome
during infection as well as the attachment of the tegument protein to the capsid (Coller et
al., 2007; Preston et al., 2008). UL25 along with another minor protein UL17 are
implicated in disulfide bond formation, which is the primary mechanism of capsid stability
in HSV (Szczepaniak et al., 2011). Using atomic force microscopy, it was shown that
UL25 is important for reinforcement of the capsid and for genome packaging (Sae-Ueng
et al., 2014). Since there are 5 copies of this protein surrounding the pentons, there are
fewer copies of it associated with the capsid than gpD in phage lambda (Lander et al.,
2008).
For systems, that lack auxiliary proteins there are different interactions within and
between the capsid protein subunits to strengthen the capsid. Many viruses employ
disulfide bonds to stabilize their capsids, such as papillomavirus, polyomavirus, simian
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virus 40 and HSV (Hare and Chan, 1968; Huang et al., 1972; Walter and Deppert, 1975;
Zweig et al., 1979). In HSV, the importance of disulfide bonds in maintaining capsid
integrity was demonstrated by the inhibition of capsid assembly in the presence of
dithiothreitol (DTT), an oxidizing agent (Zweig et al., 1979). It was also shown that when
the formation of disulfide bonds was prevented in HSV, B capsids; contain scaffolding
protein but no DNA, and C capsids; lacking scaffolding protein but containing DNA, each
lost their scaffolding protein and DNA respectively (Szczepaniak et al., 2011).
Bacteriophage HK97 uses covalent bonds formed between residues Lysine-169 of the Eloop and Asparagine-356 of the P-domain belonging to an adjacent subunit (Wikoff et al.,
2000). These bonds are formed during the maturation step from Prohead II (in which the
gp4 protease cleaves part of gp5 coat protein) to Head II (in which DNA is packaged into
the capsid shell). The morphogenesis of the skewed hexamers of prohead II into
smoothed forms in the mature head II version requires multiple different interactions in
addition to the covalent crosslinks in the HK97 capsid. An ionic interaction between
residues E153 of the E-loop and R210 of the P-domain were present at all stages of
assembly and maturation in HK97. Disruption of this interaction resulted in the assembly
of tubes and sheets showing that It is important for assembly. This interaction has been
proposed to be important for anchoring the E-loop into the capsomers and make multiple
interactions to allow for conformational changes upon maturation (Hasek et al., 2017).
Another salt bridge that is important for linking aspartate-231 in the G-loops of the Pdomain, with lysine-178 of the E-loop between two adjacent capsomers. This interaction
is important for proper procapsid assembly since a disruption of this interaction resulted
in the formation of either incomplete assembly products or aberrant structures such as
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tubes (Tso et al., 2017). This effect on assembly due to the disruption of the salt bridge
interaction could either be due to the interruption with an interacting protein or even due
to an unfavorable orientation of the interacting pairs since salt bridges have preferred
geometries (Donald et al., 2011).
The capsid of phage f29 is composed of two proteins: the major capsid protein
(gp8) and the head fiber protein (gp 8.5). The head fiber protein is thought to be important
for host attachment, although phages lacking these fibers are able to infect host cells in
lab conditions (Reilly et al., 1977). The major capsid protein consists of two domains, the
first domain possesses the HK97 fold while the second domain has the bacterialimmunoglobulin like (BIG2) domain (Xiang and Rossmann, 2011). Although the
mechanism of capsid stability in f29 is not exactly understood, the BIG2 domain extends
from one capsomer to another at a region close to the covalent crosslink formation in the
HK97 capsid and could potentially act as a stabilizing arrangement (Morais et al., 2005).
The N-terminal region of the major capsid protein (gp10) of bacteriophage T7 interacts
with the scaffolding protein and is thought to stabilize the procapsid structure
(Agirrezabala et al., 2007). The conformational changes in the T7 capsid during
maturation can be likened to the changes seen in the HK97 capsid, with the bending of
the A-domain with respect to the P-domain and the E-loops extending outwards to contact
the adjacent monomers. However, no covalent crosslinks were observed suggesting a
more ‘primitive’ mode of capsid stability.
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e.

Importance of a stable viral capsid
A virus is termed as a metastable structure because it must be stable enough to

retain the genome within the capsid preventing its premature release. It should also be
unstable enough to release the genome in a timely manner. Hence the term ‘metastability’
for a viral capsid has been used to describe the harmony between genome upkeep and
release (Flint et al., 2015). This is true especially for animal viruses because they have to
undergo an ‘uncoating’ step after entering the host cell in order to release its genome.
Capsid stability is important to withstand the high internal pressure due to the packaging
of the genome. The pressure exerted by the packaging of the genome inside a capsid
has been quantified for viruses that infect all three domains of life (Bauer et al., 2013;
Evilevitch et al., 2003; Hanhijarvi et al., 2013). Capsid stability is crucial for the
maintenance of the genome inside the capsid as well as its timely release upon
encountering the receptors on the appropriate host.
The immense hydration and repulsive forces experienced by the DNA results in a
high amount of stress on the capsid encapsulating the genome (Kindt et al., 2001; Petrov
et al., 2007; Rau and Parsegian, 1992; Tzlil et al., 2003). In bacteriophage T7, the
repulsive forces between the strands of DNA result in bending forces which are
exacerbated by curvature stress imposed on the DNA (Bauer et al., 2015; Odijk, 1998).
Viral capsid stability is an interplay of balance between stress from capsid curvature and
the stress imposed by the packaged DNA. Moreover, using lambda phage as a system,
packaged DNA has been implicated to act as an evolutionarily optimization tool by
providing capsid strength to phages. Further, the length of the DNA packaged into the
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shell is limited to optimize the strength of the capsid shell (Ivanovska et al., 2007). The
durability and stiffness of an icosahedral capsid has been determined to have a Young’s
modulus of 1 GPa using atomic force microscopy (AFM) (Ivanovska et al., 2007).
Mathematical modeling suggests that capsids with different triangulation numbers
have different structural weak points (Wilson, 2016). Furthermore, it has been proposed
that viral T=7 capsids are inherently stable and do not commonly need decoration proteins
to stabilize their capsids. While capsids with T>7 increase in complexity and therefore do
not possess enough interactions within the capsid and therefore need decoration proteins
to stabilize the capsid (Nicholas Stone, 2019). This is further exemplified by the fact that
capsids with triangulation number T£ 7 have only one type of hexon (with a skewed
conformation) thereby obviating need for accessory decoration proteins, while capsid with
T>9 have hexons with multiple kinds of capsomer interactions which necessitates the
need for decoration proteins. More often than not, in capsids with T=7 symmetry the need
for covalent crosslinks or binding site for decoration proteins is generally seen at the
three-fold or quasi three-fold axes of symmetry. In capsids with T>9 the binding sites for
decoration proteins is usually in the center of the capsomers, which likely represent their
structural weak points (Effantin et al., 2006; Fokine et al., 2004; Lander et al., 2012).
f.

Bacteriophage P22: mechanisms for proper assembly and maturation
Bacteriophage P22 is an icosahedral phage, with T=7 symmetry that infects the

Gram-negative bacterium Salmonella enterica serovar Typhimurium. It was discovered in
the early 1950s and was the first phage to be discovered that underwent generalized
transduction and has since been studied rigorously as a model system to understand
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assembly and maturation in dsDNA phages and HSV (Zinder and Lederberg, 1952). The
assembly mechanisms of P22 are being deciphered for the last few decades using the
many conditional lethal mutants that have been generated (Botstein et al., 1973; Casjens
and King, 1974; King et al., 1973; Poteete and King, 1977). In the assembly pathway of
P22, 415 copies of the coat protein (gp5), co-polymerize with 60-300 copies of the
scaffolding protein (gp8), portal protein (gp1) and ejection proteins (gp7, gp16 and gp20)
to form a procapsid shell (King et al., 1976; Prevelige and King, 1993). Scaffolding protein
mediates proper procapsid assembly since aberrant particles and T=4 particles are
formed (in addition to T=7 particles) in its absence (Earnshaw and King, 1978; Lenk et
al., 1975). During the maturation process, dsDNA is pumped into the capsid using through
the portal protein using energy derived from ATP hydrolysis by the terminase protein
complex (gp2/3 complex) (Bazinet and King, 1988). Scaffolding protein exits while the
DNA is being packaged into the capsid and is recycled in new assembly reactions. There
is also a 5-10% increase in the size of the capsid during the maturation process (King et
al., 1973). During the process of maturation, there are large scale changes that take place
in the capsid. The conformation of the hexamers changes from skewed to faceted. There
is an outward movement of the hexamers and pentamers which results in an overall
thinning of the capsid shell from 60 Å in procapsid form to 40 Å in mature virion with a
concomitant increase in the capsid volume (Jiang et al., 2003). There are also large-scale
rearrangements in parts of the coat protein to allow these changes to occur in the capsid
and this phenomenon is known as a conformational switch (Caspar and Klug, 1962;
Prasad et al., 1993). These rearrangements increase the overall robustness and stability
of the P22 capsid.
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In P22 the N-arm undergoes rearrangements and make contacts with the Pdomain during maturation (Parent et al., 2010b). While the N-arm shows immense
movement, the P-domain is relatively immobile and acts in a manner analogous to the
covalent crosslinks seen in HK97. Thus, these act as non-covalent crosslinks to stabilize
the P22 capsid. It has been hypothesized that the sites for scaffolding protein in the P22
and HK97 capsid lie at the strict and quasi-three fold axes, the movement of the N-arm,
by 20° in clockwise direction during maturation, to contact the P-domain might displace
the three-fold axes, thereby causing the scaffolding protein exit from the capsid during
packaging of DNA (Chen et al., 2011; Parent et al., 2010b; Thuman-Commike et al.,
1999). Another interaction crucial to the capsid stability of P22 was the interaction of Dloop between capsomers across the two-fold axis of symmetry. D-loops are present in
the insertion domain of the P22 coat protein. The I-domain is important for capsid size
determination and has been implicated in playing a role in capsid stability by interacting
with adjacent capsomers (Parent et al., 2010b; Rizzo et al., 2014; Suhanovsky et al.,
2010; Suhanovsky and Teschke, 2013). Substitutions at the very tips of the D-loops
where they interact with D-loops of the adjacent capsomer resulted in procapsids with
assembly defects and sometimes even lethal effects on phages (D'Lima and Teschke,
2015).
The E-loops in the P22 coat protein are implicated in playing a role in capsid
stability by interacting with the P-domain of the adjacent subunit (Chen et al., 2011). Along
with rotations in the N-arm of the P22 capsid, the E-loop also has an outward movement
during capsid maturation by 20° where it then contacts the spine helix of the P-domain
(Chen et al., 2011). In capsids of other bacteriophages, such as T7, E-loops (which are
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inserted in the I-domain) make electrostatic contacts with the negatively charged Pdomains of the adjacent subunit (Guo et al., 2014). The E-loops and P-domains make
covalent crosslinks between adjacent subunits in the HK97 capsid (Wikoff et al., 2000).
These are some of the ways the capsids are stabilized in different phage and viral
systems and the E-loops play an important role in making contacts with adjacent subunits
and capsomers. Based on these observations, we wanted to test the significance of the
E-loop since it overlaps the P-domain of the adjacent subunit in the capsid to make
intersubunit interactions (Figure 1-5). We also wanted to test the interactions that E-loops
make with the P-domains of the adjacent capsomers (Figure 1-5). Specifically, we
analyzed the role of residue W61 in capsid stability along with examining the mechanism
of capsid stability of bacteriophage P22.
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Figure 1-4. Protein monomers containing the HK97 fold. A. Coat protein of
bacteriophage HK97 (PDB 1OHG) B. Coat protein of T4 bacteriophage (PDB 5VF3) C.
coat protein of T7 bacteriophage (PDB 3J7V) D. Encapsulin of Pyrococcus furiosus (PDB
2E07) E. Coat protein of bacteriophage P22 (PDB 5UU5) and F. Coat protein of
bacteriophage TW1 (PDB 5WK1). A-domain is shown in cyan, N-arm is shown in red, Pdomain is highlighted in green and I-domain is shown in coral. Loops inserted in either
the P-domain or the I-domain have been shown in fuchsia in the coat proteins of HK97
and P22 respectively (highlighted by fuchsia arrows). Adapted from Duda and Teschke
(Duda and Teschke, 2019).
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Figure 1-5. Interfaces for interactions in the P22 capsid. A. Coat protein monomer of
bacteriophage P22. The N-arm, A-domain, I-domain, E-loop and P-domain have been
highlighted in red, cyan, coral, yellow and green respectively. D-loop inserted in the Idomain is shown in fuchsia (Asija and Teschke, 2018). B. Two adjacent coat protein
monomers shown in purple and orange. The boxes are highlighting the regions of
interactions between the two coat protein subunits. C. Three hexons shown in red, green
and cyan, the rectangles are highlighting the interfaces between the hexons where there
represent potential interactions between different domains of the coat proteins.
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The mechanism of capsid stability is not fully understood for many viral systems
and relies on a host of interactions between different domains of the capsid protein. These
interactions aid in maintaining capsid integrity locally, between capsid protein subunits
(intersubunit interactions). In addition to the local interactions, they can also act on a
global level between, adjacent hexons and pentons also called capsomers
(intercapsomer interactions).
A common element in the capsid stabilizing interactions of different viral and phage
systems is the E-loop overlapping the A- or P-domains of the adjacent subunit. This has
been observed in the capsids of HK97, j29, T7, T4 and HSV-1 (Chen et al., 2017b; Guo
et al., 2014; Huet et al., 2016; Morais et al., 2005; Wikoff et al., 2000). The E-loop also
makes intercapsomer contacts in HK97 and this interaction is crucial to proper procapsid
assembly and is therefore only seen in procapsids (Tso et al., 2014). Based on the
cryoEM reconstruction of the mature virion capsid of P22 we observed the proximity of
the E-loop to the P-domain of the adjacent subunit as well as the capsomer (Hryc et al.,
2017). In particular, we investigated the role of residue W61 in stabilizing the capsid of
bacteriophage P22. Comprehensive analyses on the nature of stabilizing interactions
show that hydrophobic interactions made between the E-loop and P-domains between
adjacent subunits as well as capsomers are more important in stabilizing the capsid than
salt bridges that are possibly formed between them in adjacent subunits.
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Chapter 2. Materials and Methods
a.

Bacterial and phage strains
Salmonella enterica serovar Typhimurium DB7136 [leuA414 (Am) hisC525

(Am) sup0] (Winston et al., 1979) was used as the host for the EOP/complementation
assay and for in vivo generation of procapsids and phages (Winston et al., 1979).
Salmonella enterica serovar Typhimurium DB7155 was used for urea titration assays to
test foe capsid stability of mature virions. Strain DB7155 (supE20 gln, leuA414-am,
hisC525-am) is a su+ derivative of DB7136 (Winston et al., 1979). The 5-am strain of P22
(5-am N114) contains an amber mutation in gene 5 which codes for coat protein, while
the 5-13-am strain of P22 (5-am N114, 13-am H101) also has an amber mutation in the
gene for the holin protein (gp13), which is responsible for cell lysis. All the P22 strains
contain the allele c1-7, which ensures they do not enter lysogeny.
b.

Plasmids
Gene 5 was cloned between the BamHI and HindIII sites of plasmid pSE380

(Invitrogen) to form recombinant plasmid pMS11 (D'Lima and Teschke, 2015). This
plasmid was used for in vivo complementation. Assembler plasmid (derived from pET3akindly gifted by Peter E. Privelige) has gene 8 (encoding scaffolding protein) followed by
gene 5 (Parent et al., 2007b). Site-directed mutagenesis was used to generate mutations
in the gene 5 of both the plasmids. Plasmid pHBW1 was used for second site suppressor
search experiments (Parent et al., 2007b).
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c.

Efficiency of plating (EOP) complementation assay
Salmonella typhimurium DB 7136 containing pMS11 with the substitution of

interest was plated with 5-am phage. The Salmonella were grown to mid-log phase and
harvested by centrifugation and concentrated by resuspending in a small volume of LB.
The cells were then mixed with 5-am phage in soft agar containing 1 mM IPTG and poured
over LB plates containing ampicillin. They were incubated at 22°C, 30°C, 37°C and 41°C.
The relative titer of the phages with the coat substitutions was calculated by counting their
plaques at the temperature being tested, relative to the 5-am phages complemented with
WT coat protein expressed from the plasmid at permissive temperature (30°C).
d.

In vivo generation of procapsids and virions
Salmonella typhimurium DB 7136 containing pMS11 with the coat substitutions in

gene 5 was grown until mid-log phase (~2 x 108 cells/ml). The cells were then infected
with 5-am 13-am phage at a multiplicity of infection (MOI) of 5. The coat expression was
simultaneously induced with 1 mM IPTG. The cells were grown for an additional four
hours and harvested and stored overnight at -20°C after being resuspended in a lysis
buffer (50mM EDTA, 0.1% triton, 200 μg/ml lysozyme, 50 mM Trizma, 25 mM NaCl, pH
7.6). The cells were processed as described previously (D'Lima and Teschke, 2015).
Briefly, the cells underwent two cycles of freezing and thawing at room temperature.
DNase and RNase were added at 100μg/ml and phenylmethane sulfonyl fluoride (PMSF)
was added at a final concentration of 1mM. The supernatant retrieved from separating
out the debris was then centrifuged at 17901 X g in RP80-AT2 rotor (Sorvall) for 20
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minutes to pellet down the procapsids and phages. The pellet was then suspended
overnight in 20 mM sodium phosphate buffer (pH 7.6) containing 20 mM MgCl2.
e.

Preparation of procapsid–like particles
Procapsid-like particles (PLPs) are assembled from coat protein and scaffolding

protein expressed from our assembler plasmid, which has gene 8, following by gene 5 in
pET3a (Parent et al., 2007b). The plasmid containing BL21(DE3) cells are grown in LB in
ampicillin at a final concentration of 100μg/ml. Expression of T7 polymerase is induced
by the addition of 1 mM IPTG, and the cell are grown for an additional 4 hours. The PLPs
are pelleted from the lysed cells and purified over a sizing column containing Sephacryl
S1000 matrix (GE Healthcare).
f.

Preparation of coat protein monomers
To make coat monomers, the scaffolding protein is first extracted from the PLPs,

resulting in empty coat protein shells, as described previously (Anderson and Teschke,
2003; Parent et al., 2007b). To generate monomers, the empty shells are unfolded in 6.75
M urea, in 20 mM phosphate buffer pH 7.6. The denatured protein is dialyzed in
Spectra/Por dialysis tubing (Molecular weight cutoff: 12-14 kDa) two times for three hours
and once overnight in 20 mM phosphate buffer, pH 7.6 at 4ºC. The refolded coat protein
monomers are centrifuged in a RP80-AT rotor (Sorvall) at 4 ºC at 60,000 rpm for 20
minutes to remove aggregates or assembled particles. The supernatant contains the
active coat monomers.
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g.

Sucrose Density Gradients
A 5-20% sucrose density gradient was prepared by using a gradient maker (model

106; Biocomp Instruments). 100μl of sample containing a mixture of procapsids and
virions was applied to the top of the gradient, and centrifuged in the RP55S rotor of the
RC-M120 EX centrifuge (Sorvall) at 104813 X g for 35 minutes at 20°C. The gradients
were fractionated by hand from the top into 23 100 µl fractions.
h.

Cesium chloride gradients
Cesium chloride gradients were made to separate the procapsid and mature virus

mixtures that were generated in vivo as described above. 25% sucrose, 1.4gm/cc cesium
chloride and 1.6 gm/cc cesium chloride solutions were prepared in 20mM phosphate
buffer (pH 7.6) to prepare the gradient. The gradient was made by successively layering
25% sucrose solution on top of a 1.4gm/cc cesium chloride solution, which was further
layered on top of a 1.6 gm/cc cesium chloride solution. The procapsid and phage mixture
was applied to the top of the layered gradient and centrifuged in Sorvall MX 120
ultracentrifuge for an hour at 30,000 rpm at 18°C. Phages sediment at the interface of the
1.4gm/cc and the 1.6gm/cc layers of cesium chloride. Phages were extracted using a
syringe and used for the urea titration assay to test for capsid stability.
i.

Weak affinity chromatography
Hexa-histidine-tagged scaffolding protein at a concentration of 6 mg was loaded

on a 1 ml immobilized metal affinity chromatography (IMAC) column charged with cobalt
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(Clonetech). Coat protein monomers (0.2mg/ml) were sequentially loaded on to the
column and run at a flow rate of 1.25 ml/min to collect 0.25 ml fractions. A thirty-minute
wash between each sample was done to ensure complete removal of previous samples
from the column. Ovalbumin was used as the negative control for non-specific binding
and was loaded at 0.2 mg/ml. Tryptophan fluorescence of the collected fractions was then
measured using Horiba Fluoromax 4 fluorometer with the excitation wavelength at 295
nm and a bandpass of 1 nm and emission wavelength set at 340 nm with a bandpass of
8 nm. The fluorescence readings were recorded was arbitrary units (A.U).
j.

Circular dichroism spectroscopy
Secondary structures of prepared coat protein monomers were observed using

the Applied Photophysics Pistar 180 spectrapolarimeter (Leatherhead, Surrey, United
Kingdom) using a cuvette with a 1mm path length. The spectra were taken at a
concentration of 0.3 mg/ml in 20 mM phosphate buffer (pH 7.6) at 20°C. Scans were done
with a1 nm step size between wavelengths 195nm and 225 nm. The bandpass was 3 nm
and the time-per-point averaging was set to 55 sec. The molar ellipticity was used to
compare secondary structure of coat variants compared to the WT coat monomers.
k.

Negative stain microscopy
3 μl of the samples from fractions 16 and 23 of the sucrose gradient were spotted

onto carbon-coated copper grids (Electron Microscopy Sciences). They were then
washed with 2-3 drops of water, stained with 1% uranyl acetate 30 seconds and the
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excess blotted. A Tecnai Biotwin transmission electron microscope was used to observe
the grids at 68000X magnification.
l.

Urea titration of PLPs.
9 M urea prepared in phosphate buffer at pH 7.6 was used to make 1-7 M urea at

1 M intervals. The refractive index of the prepared urea was checked using a
refractometer to confirm the concentration. PLPs were then diluted in each concentration
of urea to a final concentration of 0.5 mg/ml. The samples were left overnight in urea and
about 5 μg of the sample was run on a 1% agarose gel using SeaKem LE Agarose in 1X
Tris-acetate-ethylenediaminetetraacetic acid (TAE) buffer.
m.

Heat expansion
PLPs (1 mg/ml) were incubated at temperatures ranging from 25°C to 72°C for 15

min and then placed on ice. The samples were then run on a 1% agarose gel in 1X TAE
buffer.
n.

Urea titration of mature virions to test for capsid stability
Phages generated in vivo and purified using cesium chloride gradient were used

for this assay. After the determination of the titer of these phages, 104 phages/ml were
treated with urea concentrations from 0-8 M. A 9 M stock solution of urea, prepared in
20mM phosphate buffer, was used to make the appropriate dilutions for the assay. The
phage and urea mixture was incubated overnight at 22°C following which 10µl of the
incubated sample was mixed with 3 drops of DB7155 strain of Salmonella enterica in
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2.5ml of soft agar. The solution was poured over plain LB plates and incubated overnight
at 30°C. Plaques were enumerated after overnight incubation.
o.

Burst size determination
Salmonella enterica DB 7136 cells with plasmid pMS11 containing either WT gp5

or alanine substitutions were grown up to mid-log phase (~ 2X 108 cells/ml) at 30°C. The
plasmid was induced by the addition at 1mM IPTG and infected with 5-13-am phages at
an MOI of 10. The infection was allowed to proceed for two hours and 10µl of the sample
was taken and serially diluted. Appropriate phage dilutions were mixed with three drops
of amber suppressing DB 7155 cells in 2.5ml of soft agar and poured of LB plates. The
plates were incubated overnight at 30°C and the plaques were counted.
p.

Suppressor searches in P22 using recombination
Salmonella enterica DB7136 cells containing the pHBW1 plasmids with the coat

protein substitutions were infected with 5-am phages as described by Aramali et. al
(Aramli and Teschke, 1999). The mixture was poured over LB plates containing ampicillin
and incubated overnight at 30°C. Plaques obtained were purified and used to infect host
cells at non-permissive temperatures. Gene 5 encoding coat protein was amplified from
the plaques obtained at non-permissive temperatures and sequenced.
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Chapter 3. Of structure and stability: the partnership between charged residues of
E-loop and P-domain of the bacteriophage P22 coat protein

A cryoelectron microscope (cryoEM) structure of the capsid protein of
bacteriophage P22 discusses the flexibility and variation between subunits and
capsomers (Hryc et al., 2017). There was an increased conformational variation between
subunits of a hexon, especially in the N-arm and E-loop regions of the capsid protein.
Further, there was an even greater conformational variation seen when studying an
adjacent hexon and penton subunits. This variation has been attributed to different
intersubunit interactions at the capsid vertex. The E-loop extends over the P-domain of
the adjacent subunit and has been implicated in playing a role in other phage and viral
systems (Chen et al., 2017b; Fokine et al., 2005; Guo et al., 2014; Huet et al., 2016;
Morais et al., 2005). Salt bridges formed between the E-loops and P-domains of
neighboring subunits (E52/R102, E59/R109 and E72/K118) were proposed to act as pin
and hold the capsid subunits together (Figure 3-1) (Hryc et al., 2011).
We investigated the roles of the glutamates in the E-loop that form salt bridges
with the P-domains by mutating them to alanines. We also made a E52A-E59A-E72A
(tripleA) mutant. There was no decrease in the ability of the alanine mutants to form
infective phages as tested by the EOP assay (Figure 3-2). We tested capsid stability of
these mutants by performing a 0-7 M urea titration on procapsid-like particles (PLPs) with
WT coat protein and with alanine coat variants. PLPs with alanine coat protein
substitutions had a stability similar to PLPs with WT coat protein (Figure 3-5). Upon
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testing the stability of capsids of mature virions with coat protein substitutions in presence
of different concentrations of urea it was seen that virions with E59A, E72A and tripleA
coat substitutions were significantly more stable than WT virions (Figure 3-6). We have
shown that even though salt bridges might form between E-loops and P-domains of
neighboring subunits, these are not crucial to capsid stability in bacteriophage P22.

Viral capsids self-assemble from repeated use of one or just a few virally-encoded
proteins, called coat or capsid proteins, leading to highly regular structures. Many viruses,
in particular RNA viruses, undergo capsid assembly synchronous with nucleic acid
packaging. On the other hand, tailed dsDNA bacteriophages, some archaeal viruses, and
the herpesviruses actively package their dsDNA genomes into preassembled precursor
structures known as procapsids or proheads, which are assembled from coat proteins
having the HK97 fold. The genomes of these viruses can be packed into the matured
capsids so tightly that it is liquid crystalline and causes high internal pressure (Booy et
al., 1991; Evilevitch et al., 2003; Lander et al., 2013) Thus, these capsids require high
stability to maintain genome integrity and to deliver the genome to the next host cell.
In the well-studied bacteriophage HK97, an isopeptide bond formed between
Lys169 of the E-loop of one coat protein subunit and the Asn356 of the P-domain of an
adjacent subunit, crosslinks the capsid together (Wikoff et al., 2000). The crosslinking
increases the denaturation temperature to 96°C, thereby increasing the stability by 11°C
from the preceding intermediate (Ross et al., 2005). Beyond the crosslinks, ionic
interactions between other amino acyl residues of HK97 coat proteins are important for
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assembly as well. E153 of the E-loop makes a stabilizing salt bridge with R210 of an
adjacent subunit within a capsomer (Hasek et al., 2017). This salt bridge is found in a
local hydrophobic pocket that likely strengthens the interaction. When either residue is
mutated, aberrant assemblies form because the capsomers are unable to maintain the
correct dome-shape required for assembly into proper procapsids and instead forms
sheets or tubes (Hasek et al., 2017). Additional electrostatic stabilization of the HK97
capsid occurs via the coat protein’s G-loop, which interrupts the spine helix near the
intersection with the A-domain. The G-loop residue D231 interacts with the E-loop residue
K178 of a subunit in an adjacent capsomer and mutating of these residues results in
formation of tubes coat protein and aberrant particles (Tso et al., 2014). Finally, there are
electrostatic interactions that staple together subunits at the three-folding axes of
symmetry, through interactions from the underside of the b-sheets of one subunit’s Pdomain with P-domain loops of a subunit in an adjacent capsomer (Gertsman et al.,
2010). Amino acid substitutions made at these residues can prevent assembly of the
HK97 coat protein beyond hexamers and pentamers, highlighting the importance of these
residues for overall procapsid assembly.
Unlike as seen for HK97, bacteriophage P22’s coat proteins do not crosslink.
Rather, weak coat protein interactions are used to build the stable procapsid (Parent et
al., 2006). The capsid is stabilized through an irreversible morphogenic maturation during
DNA packaging (Teschke et al., 2003). Thermal denaturation of P22 procapsids has been
seen in the 80-90°C range (Galisteo and King, 1993), while the melting temperature of
the HK97 prohead I structure (prior to covalent crosslinks) is 82°C (Duda et al., 2009).

53

For bacteriophage P22, each coat protein subunit contributes ~ 6.5 kcal/mol to the
thermodynamic stability of a procapsid, with additive energies yielding a stable particle
(Parent et al., 2006; Zlotnick et al., 2012). Thus, even without crosslinking, P22 is able to
assemble a capsid that is very stable.
Phage P22 provides a particularly tractable system for studying coat protein folding
and capsid assembly (Asija and Teschke, 2018; Suhanovsky and Teschke, 2015;
Teschke and Parent, 2010b). Until recently there was no high-resolution P22 capsid
structure, so our approach to understanding assembly was based on phenotypic analysis
of mutants in different structural proteins. Recent high-resolution structures of P22 virions
have allowed us to ask specific structure-based questions (Hryc et al., 2017; Rizzo et al.,
2014). One observation is that P22’s coat protein has an extra domain (I-domain) inserted
between the A- and P-domains that sits atop the surface of the capsid (Parent et al.,
2010a; Rizzo et al., 2014). We identified a loop in the I-domain, the D-loop, that plays a
similar role in capsid stabilization as the HK97 G-loop, described above. The I-domain Dloops form crucial stabilizing ionic interactions across the two-fold axes of symmetry
(D'Lima and Teschke, 2015). The absence of the D-loop interaction leads to assembly of
coat protein into aberrant particles and tubes.
Typically, in viruses formed from coat proteins having the HK97 fold motif,
interactions between the E-loop of one subunit with the P-domain of an adjacent subunit
are critical for assembly and capsid stability (Duda and Teschke, 2019). In a recent 3.3 Å
structure of P22 virions, several salt bridges between residues of the E-loop of one
subunit and the P-domain of an adjacent subunit in a capsomer were observed, and
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suggested to play an important stabilizing role for P22 capsids, in a fashion similar to
those seen with phage HK97 (Hryc et al., 2017). Here we have mutagenized these
residues and analyzed the effects of the substitutions on procapsid and capsid stability,
and assembly, both in vivo and in vitro. Mutating these residues does not result in
destabilization of procapsids or virions, which suggests that P22 has evolved a different
way to confer intra-capsomer stability between E-loops and the P-domains.

The mechanism of capsid stabilization varies among viruses, even among those
using the HK97 fold motif for their coat proteins (Duda and Teschke, 2019). In
bacteriophage P22, the coat protein E-loop residues E52, E59 and E72 were suggested
to play a role in stabilizing the capsid by making salt bridges with the P-domain residues
R102, R109 and K118 respectively of an adjacent subunit within a capsomer based on a
recent 3.3 Å cryo-EM structure (Figure 3-1A, B) (Hryc et al., 2017). The predicted
distances between these potential interacting amino acid pairs were calculated using the
software Chimera (Pettersen et al., 2004) and are listed in Table 3-1. We decided to
directly tested this observation by making amino acid substitutions at the E-loop sites.
The results of the experiments allowed us to compare and contrast the mechanisms of
stabilization of P22 capsids with other well-characterized viruses that build their capsids
with coat proteins with the HK97 fold.
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a.

Phage growth is not affected by amino acid substitutions forming intersubunit salt bridges between the E-loop and P-domain
Site-directed mutagenesis of plasmid-encoded gene 5 was used to make E52A,

E59A, E72A and E52A-E59A-E72A (tripleA) coat protein variants, as described in the
Methods. Each plasmid was transformed into host Salmonella cells and the cells were
infected with a phage carrying a gene 5-am mutation. In these complementation
experiments, progeny virions are produced only if the plasmid-encoded coat protein is
functional and can support phage growth. The plates were incubated at different
temperatures (22°C, 30°C, 37°C and 41°C) and the relative titers were calculated
(efficiency of plating; EOP) to observe the phenotype of phages assembled with the
variant coat proteins. The EOPs of these coat variants at different temperatures were
calculated relative to the titer when the 5-am phage was complemented with a plasmid
expressing wild-type (WT) coat protein at 30°C (Figure 3-2). All of the mutant proteins
had a WT phenotype in these assays. Thus, we show that the proposed salt bridge
interactions were not crucial to the generation of P22 phages in vivo at the temperatures
tested.
Since a plaque would be seen in the EOP assay provided that some phages are
produced, we performed a burst experiment to test the effect of disrupting the salt bridge
on the ability of the E-loop mutant coat proteins to support phage production. A burst
experiment determines the number of progeny phages produced per infected host cell
after one round of infection (Table 3-2). As described above and in the Methods, 5-am
phages were used to infect host Salmonella cells carrying the plasmid pMS11 to express
56

WT or variant coat proteins. When the 5-am phages were complemented with WT coat
protein produced a burst of 33 progeny phages per cell, a typical burst for P22 when using
complementation from a plasmid (Gordon and King, 1994). All of the salt bridge mutant
coat proteins supported production of essentially equivalent bursts. These data show that
ability of phages to be assembled in vivo is not hindered by the interruption of the salt
bridges formed between the E-loops and P-domains of adjacent capsomer subunits.
Though phages were produced in the assays above, it was still possible that
abnormal particles were being produced by the variant coat proteins. Thus, particles were
purified from 5-13-am phage infected cells complemented with WT coat protein, or E52A,
E59A, E72A and tripleA substituted coat proteins to determine if the particles had normal
protein composition and sedimented as typical for procapsids and phages. The particles
were separated on a 5-20% sucrose density gradient and the fractions analyzed on 10%
SDS-PAGE. WT procapsids sediment around fraction 16, while abnormal petite
procapsids sediment higher on the gradient to around fraction 12 (Suhanovsky and
Teschke, 2011). Mature phages and large aberrant particles sediment to the bottom of
the gradient (fractions 22-23). Procapsids with the coat substitutions all had a normal
amount of scaffolding protein and sedimented at approximately fraction 16, indicating that
procapsid assembly of the salt bridge coat protein variants was normal (Figure 3-3A).
Micrographs of fraction 16 to test for the presence of aberrant procapsids containing the
alanine substitutions showed properly formed procapsids with little to no aberrant
structures (Figure 3-3B). Although not shown on the small gel slices shown in Figure 33, the procapsids and phages had normal levels of the minor capsid proteins (ejection
proteins and portal protein) as well.
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b.

Coat protein variant procapsid-like particles (PLPs) undergo in vitro heat
expansion similar to WT PLPs
Procapsids undergo a maturation event during DNA packaging, during which the

subunits change conformation and the capsid expands in diameter and gain stability. As
the structure on which we based the selection of salt-bridge mutants was that of the
mature virion, it was possible that the salt bridges are only formed after capsid maturation.
We reasoned that the maturation reaction could be affected by the substitutions. while
still resulting in mature virions. The ability of procapsids to undergo maturation was tested
using an in vitro heat expansion assay on procapsid-like particles. PLPs, composed of
only coat and scaffolding proteins and produced from pPC as described in Methods, can
be induced to expand by incubation at high temperatures. As the incubation temperature
is increased, the procapsids release the internal scaffolding protein, the particles expand
and ultimately lose their pentons yielding the ‘wiffle ball’ form of the capsid (Galisteo and
King, 1993; Morris and Prevelige, 2014; Teschke et al., 2003). PLPs assembled with the
WT and alanine variant coat proteins were incubated at 22°C to 72°C for 15 min, followed
by analysis with native agarose gels, where the expanded heads run slower than PLPs.
WT PLPs undergo expansion around 67°C (Figure 4). Most of the coat protein variants
underwent expansion around 67°C-70°C, similar to the WT PLPs. A fraction of the E72A
and the tripleA mutant PLPs did not expand even at 72°C, indicative of having an
increased resistance to expansion (Figure3-4A). Furthermore, the PLPs were observed
by negative stain transmission electron microscopy to compare the difference in the
structures at the temperatures of expansion. All of the expanded PLPs assembled with
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the alanine mutant coat proteins undergo capsid expansion similar to that of PLPs made
with WT coat protein, in that none of the capsids were disrupted at their expansion
temperature (Figure 3-4B). Thus, these substitutions neither affected the ability of the
PLPs to expand nor the ability of the PLPs to withstand high temperature treatment.
c.

Stability of PLPs assembled with coat protein variants is comparable to WT
PLPs
Although the E-loop to P-domain salt bridges did not appear to be critical for phage

production in vivo, or capsid expansion in vitro, it was possible that the overall stability of
the particles to a chemical denaturant could still be affected by the substitutions. We
incubated PLPs assembled with WT or E52A, E59A, E72A or the tripleA substituted coat
protein in increasing concentrations of urea (0-7 M) overnight at 22°C to determine the
effect of the coat protein variants on the stability of the particles to denaturant treatment.
Approximately 5 μg of each sample was loaded onto a native agarose gel to determine
the urea concentration required to dissociate the PLPs and unfold the protein (Figure 35A). All the PLPs disassembled at ~ 6 M urea, indicating that the stability of the PLPs is
unaffected by the alanine substitutions in coat protein. At low urea concentrations the
E72A and the tripleA substituted PLPs have a secondary band that migrates slower than
the normal PLP band. We observed WT PLPs and PLPs with the alanine substitutions by
electron microscopy at 0 M urea and at the urea concentration at which the samples
denatured (Figure 3-5B). The secondary band in the E72A and tripleA mutants can be
attributed to the presence of aberrant structures highlighted by white arrows in Figure 35B. Aberrant structures were also seen in PLP sample with the E52A substitution (white
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arrows, Figure 3-5). Though there are aberrant particles in these samples (which are
generated by overexpression from a plasmid), the proteins are clearly able to support
assembly of phages, so we do not believe their presence is significant.
d.

Stability of virions with coat protein alanine substitutions is higher than
virions with WT coat protein
We showed above that the salt bridges are not critical to the stability of PLPs. Since

it is possible the salt bridges stabilize virions to harsh conditions as might be found in
nature, we wanted to test the sensitivity of phages assembled with the salt bridge variants
to urea. Approximately 104 particles of the WT coat virions and virions made with E52A,
E59A, E72A or tripleA coat variants were diluted in urea for final concentrations from 0-8
M and incubated overnight at 22°C, and plated on an appropriate host. The titer of the
phages was determined at each urea concentration. The concentration of urea at which
50% of the titer remained (relative to the 0 M sample) is plotted in Figure 3-6. The number
of virions assembled with WT coat protein decreased to 50% at 2 M urea. Phages
assembled with E52A, E59A, E72A and TripleA coat protein variants all showed
increased stability (Figure 3-6). Thus, these E-loop to P-domain salt bridges do not seem
to be important for procapsid or capsid stability, or maturation.
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Figure 3-1. Neighboring capsomer subunits involved in forming salt bridges. A.
Two adjacent subunits are shown in blue and gold. The inset shows the region where the
salt bridges are being formed. B. Inset magnified from 1A, showing the three suggested
salt bridges forming between residues E52A (red)-R109 (forest green), E59A (neon
green)-K118 (fuchsia) and E72 (navy blue)-R102 (gray) of adjacent monomeric subunits.
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Figure 3-2. Growth of phages with alanine coat substitutions is the same as phages
with WT coat protein. EOP Assay. This was tested as titers of phages with coat protein
substitutions at temperatures 22°C, 30°C, 37°C and 41°C relative to the WT at 30°C.
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Figure 3-3. Sedimentation profiles of procapsids and phages with alanine coat
variants are similar to procapsids and phages with WT coat protein. A 10% SDSPAGE gel of 5-20% sucrose gradient fractions from lysate experiment. Coat and
scaffolding proteins in the samples have been shown in the gel slices. Procapsids
sediment at fraction 16 and mature phages sediment at fraction 23. CP, coat protein; SP,
scaffolding protein. B. Micrographs of procapsids sedimenting at fraction 16 from lysate
experiment. Procapsids either contain the WT coat protein or coat protein with E52A, E59,
E72A, E52A-E59A-E72A coat substitutions. Scale bar is 100nm.
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Figure 3-4. Heat expansion temperatures of PLPs with coat substitutions are
similar to WT PLPs. A. In vitro heat expansion of PLPs. 1% native agarose gel of the
WT and the alanine coat variants. They were subjected to temperatures ranging from
22°C to 72°C and run on a 1% native agarose gel. Slower migration of PLPs points at
capsid expansion and formation of expanded heads. PLPs, procapsid-like particles; ExH,
expanded heads. B. Electron micrographs of WT PLPs and coat variant PLPs at room
temperature and at the temperature at which they undergo expansion. Scale bar
represents 100nm.
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Figure 3-5. PLPs with coat protein substitutions are comparably stable to WT PLPs.
A. Urea denaturation of PLPs. 1% native agarose gel of PLPs with alanine coat variants
treated with 0-7 M urea. Procapsid-like particles denature to form monomers. PLPs,
procapsid-like particles, ExH, expanded heads; M, monomers. B. Electron micrographs
of WT PLPs and PLPs with coat proteins substitutions at 0 M urea concentrations and the
concentration of urea at which they denature. White arrow shows aberrant procapsids
formed by the PLPs with E52A, E72A and tripleA coat substitution. Scale bar is 100nm.
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Figure 3-6. Phages with coat substitutions are more stable than phages WT coat
protein. Concentration of urea at which 50% of the sample is remaining. These were
plotted relative to the number of virions as evidenced by the number of plaques formed
at 0 M urea. ** Represents statistical significance of p<0.05 for which a two-sample
student t-test with unequal variance was done.
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Table 3-1.

Distance (Å)a

Amino acid pair
(Subunit 1- Subunit 2)
E52-R109

4.33

E59-K118

3.33

E72-R102

2.89

Table 3-1. Predicted distances between proposed amino-acid pairs forming salt
bridges. aDistances were calculated using Chimera (Pettersen et al., 2004)
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Table 3-2.

Burst size (phages
produced per cell)

Sample
WT

33 ±2.5

E52A

50 ± 5.5

E59A

17 ± 6.6

E72A

39 ± 4.5

TripleA

34 ± 1.5

Table 3-2. Burst size of phages with coat protein substitutions and with WT coat
protein. Burst size is shown by the number of plaques formed by each sample as
depicted by the number of progeny virions produced after one host cell is infected by one
viral particle.
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The stability of a viral capsid is governed by many factors including inter- and intrasubunit electrostatic and hydrophobic interactions, as well as by the addition of decoration
proteins to the capsid surface. Electrostatic interactions are important in capsid stability
for many viruses. For instance, the retroviral HIV capsid protein (CA) requires a salt bridge
in the amino terminal b-hairpin to form dimers and assemble a proper capsid (Cortines et
al., 2011a). When the b-hairpin is disrupted by mutagenesis, aberrant structures form. In
P22, electrostatic interactions between the N-arm of coat protein and the C-terminal helixturn-helix of scaffolding protein drive assembly of procapsids (Cortines et al., 2014;
Cortines et al., 2011b; Padilla-Meier et al., 2012). This reaction is exquisitely sensitive to
the solution salt concentration, as expected for an electrostatic interaction (Parent et al.,
2005). Additionally, electrostatic interactions across icosahedral two-fold axes of
symmetry between D-loop residues in the coat protein I-domain are surprisingly important
for proper capsid assembly (D'Lima and Teschke, 2015). Investigation of stabilizing
electrostatic interactions in the capsid of phage HK97 between the E-loop and the Pdomain of an adjacent subunit provides additional evidence for the importance of
electrostatic interactions (Hasek et al., 2017). Nonetheless, capsids are complex
structures and capsid protein electrostatic interactions cannot be the sole driver of
assembly or stability, as exemplified by self-assembly of Hepatitis B virus (HBV) capsid
protein in which attractive hydrophobic interactions balance the repulsive electrostatic
interactions (Ceres and Zlotnick, 2002b; Kegel and van der Schoot, 2004). The balance
between forces leading to weak protein interfaces allows for thermodynamic editing of
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kinetically trapped capsid intermediates (Lutomski et al., 2017; Parent et al., 2005; Parent
et al., 2006). In general, there is a fine balance between stability of a capsid with its
requisite functions, which could include capsid disassembly to deliver the genome to the
host cell, or the conformational changes that occur during assembly and genome
packaging. Given this, the suggestion that salt bridges should stabilize P22’s capsid was
reasonable.
The association energy between two adjacent coat protein subunits during the initial
steps of the virus assembly process is around -2 to -7 kcal/mol as measured in HBV,
chlorotic mottle virus, phages HK97 and P22 (Bahadur et al., 2007; Ceres and Zlotnick,
2002b; Katen and Zlotnick, 2009; Parent et al., 2007b; Ross et al., 2005). In P22, the
amalgamation of these weak forces leads to stable procapsids (Parent et al., 2006;
Zlotnick et al., 2012). Procapsids then undergo extensive structural rearrangements
during the process of maturation as a mechanism to guarantee capsid stability, including
an irreversible increase in diameter of the capsid (Casjens et al., 1992; Galisteo and King,
1993; Parker and Prevelige, 1998). The maturation reaction is exothermic, and in P22 the
energy release is of the order of -21 kcal/mole (Steven, 1993). During this maturation
reaction, more inter-subunit interactions are formed that ‘stitch’ the capsid subunits
together (D'Lima and Teschke, 2015; Hasek et al., 2017; Parent et al., 2007a; Wikoff et
al., 2000). Undoubtedly, there are inter-subunit interactions important for procapsid
assembly and for procapsid stability that are not important for in the mature virion, and
vice versa (Duda and Teschke, 2019).
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While electrostatic interactions are important for inter-capsomer contacts such as
reported for phage HK97, P22 and others, here we show the residues E52, E59, and E72
in the E-loop of the coat protein of bacteriophage P22 are not important for procapsids,
PLPs, matured particles or virion stability. The distance between the proposed pairs of
residues support the existence of the salt bridges (Table 3-1), we show that they are not
critically important for capsid stabilization. This result is surprising given that P22 capsids
are not stabilized by inter-subunit crosslinks like HK97, so we anticipated that noncovalent interactions such as these salt bridges to be important for procapsid or capsid
stability. One reason for a lack of destabilization due to eliminating these E-loop salt
bridges is that small energetic changes caused by single amino acid substitutions could
be readily compensated for by the myriad of other stabilizing interactions. Nevertheless,
we do see changes in capsid stability caused by single amino acid substitutions in other
regions of coat protein (Capen and Teschke, 2000; D'Lima and Teschke, 2015; Doyle et
al., 2004; Doyle et al., 2003; Morris and Prevelige, 2014). Perhaps the lack of
destabilization could also be attributed to the insertion of additional loops and domains
into the HK97 fold of capsids of j29, T4, T7 and P22 phages which are known to confer
capsid stability (Chen et al., 2017b; D'Lima and Teschke, 2015; Guo et al., 2014; Hryc et
al., 2017; Parent et al., 2012; Rizzo et al., 2014). These insertions likely compensate for
the lack of crosslinks such as seen in HK97 to increase capsid stability. While there are
many contributing interactions that stabilize the capsid of P22, the salt bridges pairs
E52A-R109, E59A-K118 and E72A-R102 are not obviously contributing to the stability of
the virion. However, we are currently investigating a tryptophan at the tip of the E-loop
that may make stabilizing hydrophobic interactions within and between capsomers. In the
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mature capsid, the N-arm also winds between subunits and links together capsomers
(Hryc et al., 2017). These interactions may ultimately prove to be more important
stabilizing interactions.
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* Reprinted from Asija.K., and Teschke.CM., Journal of Virology, accepted, 2019.
Chapter 4. A hydrophobic network: Intersubunit and intercapsomer interactions
stabilizing the bacteriophage P22 capsid

The HK97 fold is characterized by the presence of an axial A-domain, a peripheral
P-domain which is comprised of a long spine helix, an elongated E-loop and an N-arm.
The E-loop in many phage and viral systems interacts with other domains of the coat
protein. In HK97, the E-loops act like a staple and make covalent crosslinks with the Pdomain of the adjacent subunit (Wikoff et al., 2000). The E-loops of HSV-1 coat protein,
although not as extended as those in the HK97 capsid, make contacts with adjacent
subunits, especially the N-arm (Huet et al., 2016). In the P22 capsid, the D-loops, which
are a part of the insertion or I-domain make intercapsomer contacts across the 2-fold axis
to stabilize the capsid (D'Lima and Teschke, 2015).
E-loops in the capsid of bacteriophage P22 overlap the P-domains of adjacent
subunits within one capsomer and are also indicated to make contacts with subunits of
an adjacent capsomer based on structural analysis. We investigated the role of E-loop,
in particular of residue W61, at the very tip of the E-loop in stabilizing the capsid. It
appeared to make contacts with residues I366 and W410 of the adjacent subunit and
residues A91, D92 and L401 of the adjacent capsomer (Figure 4-1). All the substitutions
made at position W61, except W61Y, were lethal to the phages (Figure 4-2). Further,
charged substitutions made at position W410 and I366 of the coat protein resulted in a
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phenotype (Figures 4-4, 4-5). A similar effect was seen on phages when residues A91
and L401 were substituted. There was no effect on phage infection upon making
substitutions at position D92 (Figure4-7). We propose that residues I366, W410, A91,
and L401 form a hydrophobic pocket into which W61 fits like a peg.

There are several similarities in the assembly pathways of tailed bacteriophages
and herpesviruses. The assembly process is likely initiated at the dodecameric portal
complex and involves the co-polymerization of multiple copies of the major capsid protein
with a protein assembly catalyst, scaffolding protein (Fu and Prevelige, 2009). Following
the formation of the DNA-free precursor capsid, or the procapsid, the DNA is packaged
through the portal ring resulting in simultaneous increases in the capsid volume and
stability. This step is generally termed capsid expansion or maturation (Casjens and
Hendrix, 1988). The addition of the tail machinery marks the end of maturation (Casjens
and Hendrix, 1988). The three-dimensional arrangement of coat proteins in dsDNA viral
capsids results in robust structures that can withstand high levels of internal pressure that
is exerted by packaged DNA, which results in repulsive forces as well as the energetic
strain imposed from DNA bending (Petrov et al., 2007; Purohit et al., 2005; Tzlil et al.,
2003). In phages such as f29 the pressure inside a capsid is known to exceed 6 MPa
(Smith et al., 2001). In some phages, this pressure is thought to be necessary to eject the
DNA into the prokaryotic host.
The presence of a common Hong Kong 97 fold (HK97 fold) in the coat proteins of
tailed dsDNA phages and herpesviruses allows them to be grouped in a taxonomic
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lineage known as the HK97-like viruses (Bamford et al., 2005). The lower domain of the
Herpes Simplex virus 1 (HSV-1) coat protein adopts the HK97 fold (Baker et al., 2005).
This motif is fundamental to the structure of the coat protein, but also sometimes has the
addition of an inserted domain (I-domain) such as in phages P22, T7, and phi29
(Agirrezabala et al., 2007; Baker et al., 2005; Fokine et al., 2005; Jiang et al., 2008;
Oliveira et al., 2005; Parent et al., 2010b; Suhanovsky and Teschke, 2015). During
assembly, capsid proteins are programmed to form hexons (with 6 coat protein subunits)
or pentons (with five coat protein subunits). The HK97 fold is characterized by the
presence of an axial A-domain that protrudes into the center of the hexons and pentons
providing intra-capsomer stability, a peripheral P-domain involved in inter-capsomer
interactions, and an elongated E-loop, which can interact within a subunit, in addition to
intra- and inter-capsomer interactions (Duda and Teschke, 2019; Wikoff et al., 2000). This
fold exhibits enormous versatility by the addition of domains and extensions (Agirrezabala
et al., 2007; Baker et al., 2005; Effantin et al., 2006; Fokine et al., 2005; Jiang et al., 2001;
Lander et al., 2008; Morais et al., 2005; Wikoff et al., 2000).
Based on structural analyses of the HSV coat protein, multiple stabilizing
interactions are made between the E-loop of the lower domain with other regions in the
lower domain of the adjacent subunit (Huet et al., 2016). In phage HK97 virions, during
maturation the E-loop of one capsid subunit is covalently crosslinked to the P-domain of
an adjacent subunit, building concatemers of capsomers resulting in a stable capsid
(Wikoff et al., 2000). Other non-covalent E-loop interactions are also crucial in assembly
of HK97, including an E-loop to G-loop interaction across the icosahedral two-fold axes
of symmetry. This interaction occurs only in procapsids and is broken during maturation.
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Phage T7 is proposed to stabilize capsomers through electrostatic interactions between
its negatively charged E-loop and the positively charged surface of the P-domain of an
adjacent subunit in the capsomer (Guo et al., 2014). T4 bacteriophage employs
electrostatic forces both within and between capsomers to stabilize the capsid (Chen et
al., 2017b). The P22 coat protein has the HK97 fold with an I-domain inserted into the Adomain (Figure 4-1A) (Chen et al., 2011; Jiang et al., 2003; Parent et al., 2010b). The Dloops in the I-domains make intercapsomer contacts across the 2-fold axis of symmetry
to stabilize procapsids (D'Lima and Teschke, 2015). Conformational changes in the Ploop, P-domain and the N-arm of the coat protein of P22 during the maturation reaction
have also been proposed to play a role in stabilizing the capsid (Parent et al., 2010b).
Additional conformational changes occur during maturation at the level of capsomers.
Prior to maturation, procapsid hexons are skewed and the coat proteins are compacted
such that the walls of the procapsids are thicker than virions (Chen et al., 2011; Duda and
Teschke, 2019; Gertsman et al., 2010). During maturation, the hexons rearrange so they
become symmetric and flattened, leading to thinner walls in the virion. In addition, many
inter-subunit contacts along the periphery of the A-domain must be broken and new ones
formed during maturation (Hasek et al., 2017; Tso et al., 2014), so other capsomer
contacts must remain intact for the particles to survive maturation.
As indicated above, the E-loop is suggested to universally make intra-capsomer
connections to the P-domain of an adjacent subunit. Despite suggestions based on the
recent 3.3 Å cryoEM structure of P22’s capsid (Hryc et al., 2017), salt bridges formed
between E-loop and P-domain of neighboring subunits are not important for assembly of
PC or maturation into virions. Here we determine how the E-loop is used in the assembly
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of P22 procapsids and virions, focusing on the role of W61 located at the very tip of the
E-loop. W61 is shown to make several inter-capsomer and intra-capsomer hydrophobic
contacts. Our data suggest a ring of charged residues surrounding this hydrophobic patch
might strengthen the intra-capsomer interaction. We further show that W61 makes
contacts with residues in the P-domain of an adjacent capsomer across two-fold axes of
symmetry, consistent with the universal, yet adaptable, contacts made by the E-loop of
the HK97 fold.

a.

Residue W61 in the E-loop plays a role in capsid stabilization and maturation
As we have shown previously, several salt bridges formed between E-loop and P-

domain are not crucial for capsid integrity. However, we noted the presence of W61 at
the tip of the E-loop and hypothesized that it could be making stabilizing hydrophobic
interactions with the P-domains of an adjacent subunit within a capsomer, as well
between capsomers (Figure 4-1). Tryptophans have been suggested to be important in
loops that are involved in protein:protein interfaces (Gavenonis et al., 2014). Thus, the
role of W61 in capsid assembly and stability was assessed by mutagenesis of the site,
characterization of subsequent phenotype, and stability of the capsids.
b.

All the W61 substitutions except W61Y cause a lethal phenotype
We wanted to test the effects of polar and non-polar aromatic and non-aromatic

amino acid substitutions at this site. Therefore, W61Y, W61N and W61V substitutions
were generated using site-directed mutagenesis of plasmid-encoded gene 5, which codes
81

for coat protein. We complemented a 5-am phage with expression of the WT and W61
variant coat proteins from the plasmid at different temperatures to determine if the
substitutions caused any phenotype in an EOP assay (Figure 4-2A). Plaques are only
formed when the expressed coat protein variant can be assembled into phages at the
tested temperatures. Coat protein with the W61Y substitution was able to generate
phages at all temperatures, similar to that of WT coat protein. Conversely, coat proteins
carrying substitutions W61N and W61V resulted in a lethal phenotype at all temperatures,
as plaques were found only near the reversion frequency of the 5-am phage stock. These
data show that residue W61 is important for in vivo phage P22 production.
c.

Lethal effect of W61 substitutions is due to their inability to mature into
infectious virions
To test whether the lethal effect of the W61N and W61V substitutions is due to an

assembly defect or a maturation defect, we isolated particles from phage-infected cells.
Procapsids and mature virions, produced from a 5-13-am infection complemented by
expression of WT or mutant coat protein from a plasmid, were separated by a 5-20%
sucrose density gradient. In Figure 4-2B, 10% SDS gels of the sucrose gradient fractions
are shown. WT and coat proteins with W61 substitutions generate procapsids (peak
centered at about fraction 16) composed both of coat protein and scaffolding protein. The
procapsids also contain the ejection proteins and the portal protein complex (data not
shown). However, the procapsids of coat protein variants W61N do not have the usual
amount of scaffolding protein. The procapsid peak for the lethal substitutions (W61N and
W61V) was shifted up the gradient to lower sucrose concentrations, suggesting the mass
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of the particles had decreased. This is usually due to decreased content of scaffolding
proteins, particles of smaller diameter or incomplete particles (Earnshaw and King, 1978;
Lenk et al., 1975; Thuman-Commike et al., 1998). Fractions 16 and 23 were observed
using negative stain TEM and showed normal sized procapsids (yellow arrows) in fraction
16 and mature virions (white arrows) in fraction 23 for WT and W61Y coat proteins.
(Figure 4-2C). Coat proteins with lethal substitutions W61N and W61V all formed normal
sized procapsids (yellow arrows) as well as petite procapsids (cyan arrows), but none of
these were able to mature into infectious virions (Figure 4-2C).
d.

Stability of procapsid-like particles with W61N and W61V substitutions is
drastically decreased
Since W61N and V substitutions confer lethal phenotypes, we hypothesized the

substitutions could be destabilizing the procapsids considering that the E-loop is involved
in both intra- and inter-capsomer interactions. To test this, we determined the urea
concentration required to dissociate procapsid-like particles (PLPs, composed of solely
of coat and scaffolding proteins expressed from plasmid), which also results in the
unfolding of coat and scaffolding proteins as described in the Methods. PLPs assembled
from WT coat protein unfolded to monomers at 5-6 M urea (Figure 4-2D). W61Y PLPs
are less stable, unfolding at 3 M urea, than WT PLPs despite having a WT-like phenotype.
Lethal W61N and W61V coat protein variant PLPs denatured at concentrations as low as
1 M urea. These data show that size and perhaps the hydrophobicity of the amino acid is
important at this position in order to maintain the interaction with the other residues.
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e.

Residue W61 is crucial to capsid expansion
To determine if the W61 variant PLPs can undergo maturation, we used an in vitro

heat expansion assay, as described in Methods. When PLPs expand, there is an increase
in the diameter, leading to slower migration of the particles on an agarose gel (Teschke
et al., 2003). The PLPs assembled with WT coat protein or the non-lethal W61Y coat
protein mutant heat expanded at ~ 67°C (Figure 4-2E). The lethal W61N and W61V
variants are unable to undergo normal capsid maturation and instead rupture at 53-57°C.
In total, these data indicate that the E-loop residue W61 makes important contacts for
PLP stability and ability to expand.
f.

There is no effect on secondary structure of W61 coat variants and their
interaction with scaffolding protein
Our data above (Figure 4-2B) showed that some PCs assembled from W61 coat

protein variants had less than normal scaffolding protein content, which is somewhat
puzzling as the E-loop is on the exterior of PCs. Two possibilities seem reasonable. 1)
The coat protein monomer conformation could be affected by the amino acid substitutions
at position 61 such that there was decreased interaction with scaffolding protein during
assembly, or 2) the assembled coat protein shell had decreased affinity for scaffolding
protein. We tested the interaction between coat protein monomers and scaffolding protein
using weak affinity chromatography, where scaffolding protein is attached to a column
matrix and coat protein is passed over this matrix. The coat protein is slightly retained
compared to a control protein (ovalbumin) when it interacts with scaffolding protein on the
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column (Suhanovsky et al., 2010; Teschke and Fong, 1996). WT coat monomers, as well
as all of the W61 coat variants, interacted with scaffolding protein as seen by their
retention on the column as compared to when non-interacting ovalbumin is applied
(Figure 4-3A). We determined there was no significant change in secondary structure for
any W61 variant coat protein monomers as compared to WT coat protein by circular
dichroism spectroscopy (Figure 4-3B). Finally, we tested the ability of each coat protein
to assemble in vitro by adding scaffolding protein to coat protein monomers (Figure 43C). Each of the W61 variant coat proteins was able to assemble in vitro, albeit with
decreased efficiency compared to WT coat protein. Thus, the amino acid substitutions at
W61 appear to affect the structure of procapsids, rather than monomers.
g.

Hydrophobic interactions between the E-loop and the P-domain of the
adjacent subunit within a capsomer are crucial for capsid stability
We used the 3.3 Å cryoEM structure (PDB file 5UU5) (Hryc et al., 2017) to

determine which amino acid residue W61 could be interacting within the adjacent subunit
of a capsomer. Based on structural assessment, we hypothesize that residues I366 (4.87
Å from W61) and W410 (4.34 Å from W61) in the adjacent subunit could be forming a
hydrophobic pocket into which W61 inserts to stabilize the particles (Tables 4-1 and 4-2;
Figure 4-1). Thus, we made substitutions at these sites to test our hypothesis.
h.

Substitutions in the hydrophobic pocket lead to phenotypic changes
Site-directed mutagenesis was used to generate arginine, alanine and aspartate

substitutions at residues I366 and W410 in plasmid-encoded gene 5 to test the effects of
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charged residues in addition to a non-polar amino acid substitution. The phenotype due
to the expression of these coat protein variants in cells infected with a gene 5-am phage
was determined, as described above, and plotted as efficiency of plating (EOP). The
I366A coat protein substitution resulted in essentially a WT phenotype, with a small drop
in the relative titer at 22°C (Figure 4-4A). I366R and I366D coat protein variants caused
a lethal phenotype, where the titers were observed only at the reversion frequency of the
5-am phage at all the temperatures tested.
Coat proteins with substitutions at W410 cause less dramatic phenotypes. Coat
protein W410A had a WT phenotype at all the temperatures tested (Figure 4-5A). Coat
protein variant W410R caused a decrease in titer at 22°C, and therefore had a coldsensitive (cs) phenotype, as well as a decrease in titer at 41°C indicating the substitution
caused a temperature-sensitive (ts) phenotype. The W410D variant showed a ts
phenotype in the complementation assay. Thus, we can conclude that both residues I366
and W410 are important in phage production, and that this site is sensitive to a change
of the residues to charged amino acids but the size of a non-polar residue is not important.
i.

The coat protein residues I366 and W410 are important for stability and
capsid expansion of PLPs
To determine if a change in the procapsid stability of the I336 and W410 coat

protein variants could explain the observed effects on phage biogenesis, we performed a
urea titration and in vitro heat expansion assays PLPs with the I366 or W410 substitutions.
PLPs assembled from WT coat protein or the coat protein with the I366A, R, D and
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W410A, R or D substitutions were tested for their stability to urea, as described above
(Figures 4-4B, 4-5B).
PLPs with I366A and I366D coat substitutions denatured to form monomers at a
urea concentration of 6 M, similar to WT PLPs (Figure 4-4B). In contrast, the I366R
substitution appears to be an extremely destabilizing substitution. The yield of correctly
sized PLPs was low and they denatured at 4-5 M urea (Figure 4-4B). There was also a
substantial amount of smeared protein in the agarose gel from broken particles and
aggregated coat protein. This was confirmed by electron microscopy where the sample
is composed mostly of aggregates and some PLPs (Figure 4-4D). PLPs made with
W410R and W410A coat proteins denatured to monomers at 7 M urea, so were slightly
more stable than PLPs made from WT coat protein, which denatured at 6 M urea (Figure
4-5B). However, PLPs made with the W410D coat variant were unstable, denaturing to
coat monomers at 4 M urea. These data show that both I366 and W410 residues are
involved in the stability of the PLPs.
The effect of substitutions at positions I366 and W410 on the ability to heat expand
was determined, as described above. PLPs with I366A substitution expanded at
approximately 67°C, similar to the WT PLPs (Figure 4-4C). PLPs assembled with I366D
coat protein were unable to expand; at 72 °C, the PLPs simply rupture. I366R PLPs are
improperly assembled due to the substitution, resulting in a smeared band that runs
higher than the WT PLP band. PLPs from the 22°C samples, as well as the temperature
at which they underwent expansion in vitro, were observed by electron microscopy
(Figure 4-4D). All of the 22°C samples were similar to the WT sample at this temperature
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except the I366R sample, which composed mostly of aggregates. The samples at the
expansion temperatures were all similar to WT with I366R being the exception, since it
was composed almost entirely of aggregates.
PLPs made with W410R coat protein expanded at 67°C similar to PLPs made with
WT coat protein (Figure 4-5C), whereas the W410A coat variants heat expanded at 6367°C. PLPs with the W410R coat substitution also appeared to fall apart rather than
expand at 70°C, similar to the W410D containing PLPs which also formed aggregates at
70°C suggesting an altered stability. W410D PLPs at 22°C also appeared to be composed
to aberrant PLPs (green) in addition to the regularly formed structures (Figure 4-5D). The
PLPs of the W410D coat variant reproducibly heat expanded incrementally, observed by
the slight change in migration with each increase in the temperature, suggesting a
decrease in the cooperativity in capsid expansion. PLPs with W410A substitutions in their
coat proteins looked similar to PLPs assembled WT coat protein both at 22°C as well as
at the expansion temperature. Thus, these data show that residue W410 could play a role
in capsid maturation. These data also show that the hydrophobic pocket made of I366
and W410 is sensitive to charged substitutions, but not to a decrease in size of a nonpolar residue.
j.

Viral capsids with I366 and W410 non-lethal coat substitutions are
significantly less stable than virions with WT coat protein
Since we observed significant effects of amino acid substitutions at W61, W410

and I366 on the stability of PLPs and the ability of PLPs to undergo expansion, we decided
to test if phages assembled with non-lethal coat protein substitutions were destabilized
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by a urea titration. In this instance, only coat protein variants that can make phages in
some condition could be assessed. The concentration of urea at which 50% of the initial
titer remained after 16 hours of incubation was determined for phages assembled with
WT coat protein or with W61Y, I366A, W410R, W410A, W410D coat substitutions (Figure
4-6). Phages with WT coat protein declined to 50% of their titer at < 3 M urea. Only the
W61Y phages were more stable than WT phages, with a 50% decline in titer at 3.5 M
urea. Conversely, phages with coat substitutions I366A, W410R, and W410A were all
less stable than WT. Therefore, we show that the hydrophobic residues that interact with
W61 within a capsomer greatly affect procapsid and virion stability.
k.

Interactions made between E-loop W61 across icosahedral two-fold axes of
symmetry stabilize the capsid
Based on the recent cryoEM structure of the P22 capsid, W61 in the E-loop of one

capsomer could be contacting residues A91, D92 and L401 in the P-domain loops of the
neighboring capsomer (Figure 4-1). Distances between the residues were predicted
using Chimera (Pettersen et al., 2004) and are all < 5 Å (Table 4-1). We hypothesize that
the interactions between W61 of one capsomer and A91, D92 and L401 in a subunit of
the adjacent capsomer could further seal the capsomers together, bolstering the stability
of the capsid. Formation phage particles is affected by substitutions at positions A91 and
L401.
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l.

Formation phage particles is affected by substitutions at positions A91 and
L401
Substitutions at positions A91, D92 and L401 were made in plasmid encoded gene

5 to test their effects on phage biogenesis using complementation of the 5-am phage
strain in the EOP assay, as described above (Figure 4-7A, Table 4-3). Mutating position
D92 had no effect on the ability of coat protein to assemble into phages. The A91V
substitution resulted in a WT phenotype, while the A91D substitution resulted in a cs
phenotype at 22°C. Complementation with the L401A coat substitution resulted in a cs
and strong ts phenotype. The L401D coat protein substitution led to a lethal phenotype
(Figure 4-7A). Thus, our data show that substitutions at A91 and L401 have the adverse
effects on phage biogenesis.
m.

A91 and L401 coat protein substitutions result in the formation of aberrant
particles
Procapsid and phage samples were made with coat protein substitutions at

positions A91, D92 and L401 from a lysate using a 5-13-am phage infection, as described
in Methods. The samples were separated using a 5-20% sucrose gradient and run on a
10% SDS gel. Procapsids sediment at approximately fraction 16 and phages sediment to
the bottom (fraction 23) (Figure 4-7B). Fractions 16 and 23 were viewed by negative stain
TEM (Figure 4-7C). All of the coat protein variants were all capable of assembling normal
sized procapsids, as seen by both sucrose gradient and TEM (highlighted by yellow
arrows in the micrographs), although the A91 and L401 variants also showed aberrant
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particles (green arrows). Only L401D coat protein was unable to support production of
phages (phages indicated with white arrows), consistent with the lethal phenotype. All of
these data indicate that the interaction of W61 with A91 and L401 likely affects assembly
of procapsids.
Next, we tested if these amino acid substitutions altered the stability of the viruses
by treating them with different concentrations of urea as described above (Figure 4-7D).
Phages were isolated by complementation of a 5-13-am phage strain at 30 °C, as
described in the Methods. Phages assembled with A91V, D92A and D92R coat protein
variants had stabilities similar to WT coat protein phage samples, with all them having a
50% surviving population at approximately 3.5 M urea. However, virions with A91D and
L401A coat protein substitutions showed a 50% drop in their populations at urea
concentrations of 1 M and 2.2 M respectively. Therefore, we show that residues A91 and
L401 play an important role in stabilizing the capsid and likely does so by making
intercapsomer contacts with W61.
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Figure 4-1. Hydrophobic peg to stabilize the P22 capsid. A. Neighboring capsomers
in mauve and tan depicted by the numbers 1 and 2 respectively. The E-loops have been
highlighted in red and the P-domains have been highlighted in cyan for capsomer 1 and
capsomer 2. The inset shows the interacting residues forming the hydrophobic peg. B.
Zoomed in inset showing W61 (red) from one subunit interacting with W410 (gray) and
I366 (fuchsia) in the P-domains of the adjacent subunit (within capsomer 1). W61 also
interacts with A91 (black), D92 (green) and L401 (yellow) which are in the P-domains of
the adjacent subunit. C. Neighboring coat protein subunits shown within capsomer 1.
Inset shows the interacting residues from E-loop of one subunit and P-domain of adjacent
subunit. D. W61 (red) in E-loop of one subunit interacts with W410 (gray) and I366
(fuchsia) in P-domain of adjacent subunit. This interaction is reinforced by a cage of
charged residues. Positively charged residues are shown in dark blue while negatively
charged residues are shown in yellow.
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Figure 4-2. W61 in the E-loop stabilizes the capsid. A. Titers of phages with W61Y (blue),
W61N (green) and W61V (black) coat protein substitutions relative to phage with WT (red) coat
protein at 30°C. B. SDS gels of 5-20% sucrose density gradient fractions from a phage-infected
cell lysate to separate procapsids and phages with WT coat protein and coat protein with the W61
substitutions. Fraction 16 is where normal procapsids sediment and fraction 23 is where phages
and other particles are found. CP, coat protein; SP, scaffolding protein. C. Top row. TEM images
of procapsid fractions (fraction 16) from sucrose density gradient of WT and W61 coat variants.
Bottom row. Mature phage fractions (fraction 23) from the sucrose density gradient observed
under the TEM. Yellow arrows show T=7 sized procapsids, cyan arrow show petite procapsids
and white arrows are highlighting mature phages. Scale bar is 100 nm. D. Stabilities of PLPs
assembled with WT, W61Y, W61N and W61V coat proteins tested by treating with varying
concentrations of urea (0-7M). Samples were run on a 1% native agarose gel. PLPs, Procapsidlike particles; M, unfolded monomers. E. PLPs with WT, W61Y, W61N and W61V coat proteins
were subjected to temperatures ranging from 22°C to 72°C to induce heat dependent expansion.
Samples were run on a 1% agarose gel. ExH, heat-expanded procapsids.
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Figure 4-3. W61 coat substitutions do not affect their secondary structure or
interaction with scaffolding protein. A. Weak affinity chromatography. Elution volume
(ml) of WT coat monomers with W61Y (blue), W61N (green) and W61V (black) is
recorded in arbitrary units (A.U.). The monomers were run over a cobalt column charged
with his-tagged scaffolding protein. Ovalbumin (cyan) was used as a negative control. B.
Circular dichroism. Secondary structure analysis using circular dichroism of coat
monomer with WT sequence (red) and W61 coat variants with W61Y, W61N and W61V
shown in blue, green and black respectively. C. In vitro assembly of PLPs. Light scattering
of WT coat monomers (red) along with the other coat variants was tested by incubating
with scaffolding protein.
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Figure 4-4. I366 charged substitutions result in a lethal phenotype. A. Relative titers
of phages with I366R (blue), I366A (green) and I366D (black) coat protein substitutions
relative to phages with WT coat substitutions (red) at 30°C. B. Stabilities of PLPs made
with WT, I366R, I366A and I366D coat proteins were tested by treating with varying
concentrations of urea (0-7M). Samples were run on a 1% agarose gel. C. PLPs with WT,
I366R, I366A and I366D coat proteins were subjected to temperatures ranging from 22°C
to 72°C. Samples were then run on a 1% agarose gel to test for maturation. D. In vitro
heat expanded PLPs with WT coat protein and coat protein with I366 substitution were
observed under the electron microscope. The samples from the 22°C sample as well as
the temperature at which they expand were observed under the microscope. Scale bar
represents 100 nm. ExH, heat-expanded heads; M, unfolded monomers; PLPs,
procapsid-like particles.
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Figure 4-5. Charged substitutions of W410 cause phenotypes. A. Titers of phages
with W410R (blue), W410A (green), W401D (black) coat substitutions relative to WT coat
protein (red) at 30°C. B. Stabilities of PLPs with WT coat protein and coat protein with
W410R, W410A and W410D substitutions were tested by treating with varying
concentrations of urea (0-7M). Samples were run on a 1% agarose gel. C. PLPs made
with WT, W410R, W410 and W410D coat variants were subjected to temperatures
ranging from 22°C to 72°C. Samples were then run on a 1% agarose gel to test for
maturation. ExH, heat- expanded heads; PLPs, procapsid-like particles; M, unfolded
monomers. D. Electron micrographs of in vitro heat-expanded PLPs with W410 coat
substitutions. PLPs with substitutions were observed at 22°C and at the temperature at
which they expanded/ruptured. Green arrows highlight aberrant particles formed at 22°C
with the W410D coat protein substitution. Scale bar is 100nm.
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Figure 4-7. A91 and L401 affect procapsid assembly and capsid stability. A. Titers
of phages with A91V (blue), A91D(green), D92A (black), D92R (lavender), L401A (cyan)
and L401D (light green) coat substitutions relative to phages with WT (red) coat protein
at 30°C. B. SDS gels of 5-20% sucrose density gradient fractions from a phage-infected
cell lysate to separate procapsids and phages with WT coat protein and coat protein with
the A91, D92 and L401 coat substitutions. Fraction 16 is where normal procapsids
sediment and fraction 23 is where phages and other particles are found. CP, coat protein;
SP, scaffolding protein. C. Top row. TEM images of procapsid fractions (fraction 16) from
sucrose density gradient of WT and A91, D92, L401 coat variants. Bottom row. Mature
phage fractions (fraction 23) from the sucrose density gradient observed under the TEM.
Yellow arrows show T=7 sized procapsids, green arrows show aberrant particles
sedimenting at fraction 16, white arrows are highlighting mature phages and red arrows
are highlighting aberrant particles sedimenting to the bottom of the gradient. Scale bar is
100 nm. D. Graph depicting the concentration of urea at which there is a 50% decline in
the population of the samples. ** Represents statistical significance of p<0.05 for which a
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Figure 4-8. Alignment of the coat proteins of the P22-phage cluster. The Sf6, P22
and CUS-3 phage branches have been highlighted with cyan, peach and lavender boxes
respectively. The numbering of the residues has been done in context of the members of
the P22 major branch. Residues at position 61, 91, 92, 366, 401, 410 have been
highlighted in red, purple, green, navy, pink and black respectively. Sequences were
aligned using Clustal Omega and annotated using Jalview (Chojnacki et al., 2017;
Waterhouse et al., 2009).
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Table 4-1.

Amino acid pair

Nature of
interaction

Distance (Å)a

W61-I366

Intersubunit

4.34

W61-W410

Intersubunit

4.87

W61-A91

Intercapsomer

4.88

W61-D92

Intercapsomer

3.68

W61-L401

Intercapsomer

4.16

Table 4-1. Predicted distances between amino acid pairs between subunits of the
P22 capsomer. aDistance measurements were made using the software Chimera
(Pettersen et al., 2004).
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Table 4-2.

Position of amino P22-major branch

Sf6-major branch CUS-3

acid

(aligned

residue

in

phage P22

major

residue branch

number of Sf6)

(aligned

residue

number of CUS-3)
61

Tryptophan

Glycine (64)

Leucine (61)

91

Alanine

Glutamate (97)

Alanine (92)

92

Aspartate

Glutamate (98)

Arginine (93)

366

Isoleucine

Leucine (367)

Leucine (358)

401

Leucine

Asparagine (396)

Glycine (390)

410

Tryptophan

Leucine (405)

Leucine (399)

Table 4-2. Comparison of hydrophobic peg forming residues in the P22 capsid with
residues at those positions in the P22, Sf6 and CUS-3 major branches.
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Table 4-3.

Concentration of
urea at which
virions decline to
50% of original
population (M)

Location on
coat protein

Substitution

Phenotype

WT

N/A

3-3.5

N/A

W61Y

WT-like

3.5

E-loop

W61N

Lethal

N/A

E-loop

W61V

Lethal

N/A

E-loop

I366R

Lethal

N/A

P-domain

I366A

WT-like

1.6

P-domain

I366D

Lethal

N/A

P-domain

W410R

cs and ts

1.1

P-domain

W410A

WT

1.5

P-domain

W410D

ts

3.9

P-domain

A91D

cs

1

P-domain

A91V

WT-like

3.4

P-domain

D92A

WT-like

3.1

P-domain

D92R

WT-like

3.2

P-domain

L401A

cs and ts

2.2

P-domain

L401D

Lethal

N/A

P-domain
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Table 4-3. Mutants generated in this study. A description of the mutants made in the
study, including their phenotypes and the concentrations of urea (M) at which they
denatured to half of their original population as a measure of the stability of their capsids.
Their location of the residues on the coat protein is also mentioned in the table.
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Capsid assembly and stability are governed by inter- and intra-capsomer
interactions. In compliance with the local rule theory, the conformation of a subunit is
dependent on the conformation of its neighboring subunits (Berger et al., 1994).
Procapsid subunits additionally change in conformation upon maturation, which also
affects stabilizing interactions both within and between subunits. The burial of
hydrophobic residues is an entropically driven process and is likely set into motion by
capsid assembly, which is initially driven by weak interactions (Katen and Zlotnick, 2009;
Zlotnick, 1994). There is a greater percentage of hydrophobic amino acids in subunit
interfaces, rather than the exterior of the protein (Argos, 1988; Korn and Burnett, 1991).
Indeed, P22 capsids are estimated to be stabilized by – 24.4 kcal/mol subunit within a
capsomer due to buried hydrophobic residues along the edge of subunit and through Eloop interactions (Nicholas Stone, 2019). We show that a hydrophobic residue, W61,
present in the E-loop, facilitates capsid stability. The E-loop of one subunit overlaps with
the P-domain of the neighboring subunit within a capsomer, as well reaches to the
adjacent capsomer across the two-fold axes of symmetry, suggesting that it could be
involved in stabilizing the capsid in several ways.
The E-loop has been implicated in making contacts with the P-domain and Adomain of the adjacent subunits in phages such as Phi29, T4, T7, HSV-1 and 80 alpha
(Chen et al., 2017b; Dearborn et al., 2017; Fokine et al., 2005; Guo et al., 2014; Huet et
al., 2016; Morais et al., 2005). It also makes intercapsomer contacts in the capsid of the
HK97 phage that are important for procapsid assembly and are only found in procapsids
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(Tso et al., 2014). Intersubunit contacts made by E-loops within a capsomer are important
for proper conformation of capsomers within procapsids, and the intercapsomer contacts
are required for higher order assembly of capsomers to form a stable capsid (Duda and
Teschke, 2019). We propose that in phage P22, W61 in the E-loop may interact with
residues I366 and W401 from the neighboring subunit, like a peg inserted into a
hydrophobic pocket. Residue W61 also interacts with A91 and L401 of a subunit in the
adjacent capsomer, and in total, these interactions within and between capsomers act
like a hydrophobic network holding the capsid together (Figure 4-1B).
The importance of W61 in procapsid assembly and maturation is apparent when
comparing coat proteins in the cluster of P22-like phages that includes 78 unique phages
(Casjens and Thuman-Commike, 2011). The coat protein sequences in the cluster vary
widely with different branches having only 15-20% coat protein sequence identify.
Residues at position 61 are conserved within phylogenetic branches and divergent
between these branches. For example, within the P22-like phage cluster, the P22 major
branch has tryptophan at position 61, Sf6 major branch has glycine and CUS-3 major
branch has leucine at this position in the alignment (Casjens and Thuman-Commike,
2011). Similarly, residues at positions 91, 92, 366, 401 and 410 are also conserved within
the major branches, but differ between the branches (Figure 4-8). The residues at these
positions in each of these branches are shown in Table 4-2. Members in the CUS-3 major
branch likely use a hydrophobic network to stabilize their capsids because they also
possess hydrophobic residues at the positions that are involved in this interaction in the
P22 capsid. The members of the Sf6 major branch either use electrostatic interactions to
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stabilize their capsids or use hydrophobic interactions in other regions of their coat
proteins as a mechanism of capsid stability.
The effects of switching the tryptophan at position 61 to asparagine or valine
resulted in a lethal effect on the phages as seen by the efficiency of plating results (Figure
4-3A). Furthermore, W61N and W61V procapsids do not expand in vitro. When the W61
is replaced with tyrosine, the hydrophobic peg is maintained due to the size and the
hydrophobicity of tyrosine and leads to a phenotype similar to WT. Coat protein
substitutions at position 410 from tryptophan to arginine or aspartate resulted in a mild cs
and ts phenotype, while W410A had a phenotype similar to WT, indicating that the size
of the non-polar residue was not critical but that the replacement by a charged residue
was not favored (Figure 4-5A). PLPs generated W410D substitutions heat expanded at
a temperature lower than WT showing that this residue affects capsid maturation (Figure
4-5C). I366R and I366D coat substitutions cause a lethal phenotype. We propose that the
increased stability of PLPs with I366D and W410R substitutions is due to the presence of
a cage of charged residues around these positions which enhance the transient stability
of the procapsid due to electrostatic interactions (Figure 4-1C, D). Phages assembled
with mutant coat proteins A91D, L401A had a cs and ts phenotype, while L401D had a
lethal phenotype. Further, D92A and D92R substitutions had a phenotype similar to WT.
The stability of phages assembled with coat protein mutants (in those cases where
phages were produced) was tested by incubation in urea. Phages assembled with
W410R, and I366A coat protein mutants were less stable than phages with WT coat
protein. This shows that the stability of capsids is greatly affected by altering the residues
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in the hydrophobic pocket. Phages with A91D and L401A coat substitutions also had a
decreased capsid stability indicating that residues A91 and L401 likely participate in the
association with the hydrophobic peg W61, and not D92. This was further confirmed by
the formation of aberrant particles in vivo formed with A91D, A91V and L401A coat
substitutions (Figure 4-7C, green arrows). Table 4-3 provides a summary of all the
mutants in this study, along with their respective phenotypes and mature virion capsid
stabilities denoted by specific urea concentrations at which their populations decreased
to half their original number.
In conclusion, our data are consistent with the idea that the P22-like phages are
stabilized by a hydrophobic network between the tip of the E-loop, which inserts into a
hydrophobic pocket in the b- strands of the P-domain of a neighboring subunit within in a
capsomer and with P-domain loops across two-fold axes of symmetry between
capsomers. The interaction is further strengthened by a cage of charged residues
surrounding the hydrophobic network. This mechanism is akin to the covalent crosslinks
that stabilize the HK97 capsid (Wikoff et al., 2000), where the site of covalent crosslinking
is protected by a hydrophobic cage composed of the amino acids leucine, methionine and
valine (Tso et al., 2017).

114

Chapter 5. Conclusions

Protein stability has been attributed to a balance between attractive and repulsive
forces (Broide et al., 1996). In the Bordatella infecting BPP-1 phage electrostatic
interactions are important for stabilizing adjacent capsid protein subunits (Zhang et al.,
2013). In particular, the positively charged E-loop interacts with the negatively charged
P-domains using non-covalent interactions. In the P22 capsid, salt bridges between
residues E52, E59 and E72 in the E-loop of one subunit with R102, R109 and K118
respectively in the P-domain of the adjacent subunit were postulated to be important for
capsid stability (Hryc et al., 2017). The glutamates in the E-loop implicated in making
these salt bridges were all substituted to alanine including a tripleA mutant (E52A-E59AE72A) using site directed mutagenesis. Phages assembled with coat proteins containing
alanine substitutions (including the tripleA mutants) showed no difference in infectivity
relative to phages assembled with WT coat protein (Figure 3-2). Further, the stability of
the PLPs was tested to observe subtle differences in the stability of PLPs with coat
substitutions relative to WT PLPs. It was seen that PLPs with all of the alanine
substitutions denatured to monomers at approximately 5-6 M urea (Figure 3-5). This
shows that the stability of the PLPs is not dependent on the salt bridges.
Indeed, it is possible that the salt bridges are formed post maturation in the phage
to ensure stability of the capsids of mature virion. To test this, urea titration analysis
showed that the virions with the alanine substitutions were significantly more stable than
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WT phages (Figure 3-6). This was interesting because not only does this show that the
electrostatic interactions are not important for capsid stability but also that loss of the salt
bridges between E-loop and P-domains of adjacent subunit makes the capsids more
stable. One could wonder why these alanines were not getting fixed in the P22 genome
if they were providing the capsid with extra robustness, and it could be likely that these
mutations may not have occurred yet in nature. Since the E-loop in the P22 coat protein
is composed of 41% hydrophobic residues, 20% charged residues and 39% neutral
residues. We wanted to further test the role of hydrophobic residues in stabilizing the P22
capsid.

A balance between attractive hydrophobic forces and repulsive electrostatic
interactions is responsible for the self-assembly of the Hepatitis B Virus (HBV). We know
that the D-loops in the I-domain of the P22 coat protein electrostatically interact with Dloops of the adjacent capsomer across the two-fold axis of symmetry (D'Lima and
Teschke, 2015). We investigated the role of the hydrophobic tryptophan residue present
at the very tip of the E-loop at position 61 in phage assembly and stability. Substitutions
W61N and W61V had a lethal effect on phages while W61Y had a phenotype similar to
WT as tested by the EOP assay (Figure 4-2A). Furthermore, residues that had a lethal
effect on the phages were able to form procapsids, albeit they formed petite as well as
regular sized procapsids. They were unable to mature into competent infectious virions
(Figure 4-2C).
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Past studies done on petite procapsids resulting from coat protein substitutions in
the I-domain show a change in the secondary structure causing the phenotype
(Suhanovsky and Teschke, 2011). Their interactions with scaffolding protein were
unaffected and did not account for the formation of petite procapsids (Figure 4-3A). The
secondary structure of coat protein monomers containing the W61 substitutions was the
same as WT coat protein monomers (Figure 4-3B). There was no correlation between
the sidechain substitution resulting in a lethal phenotype and the percentage of petite
procapsids made (data not shown) which has been observed with A285 substitutions in
the I-domain (Suhanovsky and Teschke, 2011). We propose that W61 affects the
assembly of P22 rendering unstable procapsids. These improperly assembled procapsids
are unable to withstand the pressure from the DNA being packaged and likely fall apart
during the packaging event and are therefore unable to undergo maturation. Since most
of the W61 substitutions had a lethal phenotype, the mature virions could not be tested
for their stability, however phages with the W61Y coat substitutions were more stable
than the WT phages (Figure 4-6).

Intersubunit interactions that are repeated at the interfaces of the capsid subunits
must be strong enough to protect the capsid and weak enough to allow it to disintegrate
upon recognizing a host receptor. Based on structural analysis of the P22 capsid, W61 is
making contacts with I366 and W410 in the P-domain of the adjacent subunit. Charged
substitutions at both these positions resulted in either a cold sensitive (cs) and/or
temperature sensitive phenotype (ts) (Figures 4-4A, 4-5A). Interestingly, PLPs with
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I366D substitution in the coat protein were comparably similar to WT PLPs despite the
lethal phenotype in the EOP assay (Figure 4-4B). In vitro heat expansion for the same
showed a comparable stability to WT PLPs except the PLPs with the substitution
eventually ruptured (Figures 4-4C, 4-4D). In vitro heat expansion for the same sample
resulted in intermediates with low stability formed with each increment in the temperature.
A similar phenomenon was with stability of PLPs with the W410R substitution in
that, phages with this coat substitution having a cs and ts phenotype, the stability of the
PLPs was similar to WT PLPs along with their temperature of expansion. (Figures 4-5).
We propose that this effect is due to the protective effect of charged polar residues around
the interacting hydrophobic residues (Figure 4-1). A similar theme is seen in the capsid
of bacteriophage T4 in which the insertion domain (inserted into the E-loop) makes
contacts with the adjacent subunit via hydrophobic interactions (Fokine et al., 2005).
These interactions are surrounded by charged residues similar to the P22 capsid. The Cterminal domain (CTD) of the capsid protein (CA) of HIV makes contacts with the CTD of
the adjacent subunit. The CTD-CTD interface is composed of hydrophobic interactions,
surrounded by less energetically important polar residues (Mateu, 2009). The CTD-CTD
dimers are important for connecting adjacent hexamers through dimerization. Upon
testing the stability of virions with coat substitutions it was seen that virions with W410R,
W410A and I366A substitutions were significantly less stable than WT coat phages
(Figure 4-6). This was tested as the concentration of urea at which there was a decline
in 50% of the phage population relative to the original population. We have shown
conclusively that residues I366 and W410 have an effect on capsid stability of
bacteriophage P22.
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The importance of intercapsomer contacts has been recognized in several phage
and viral systems. For example, in the capsid of bacteriophage Sf6, a b-sheet in the Pdomain of one subunit along with the E-loop of the adjacent subunit within the same
capsomer, interact with the a1 helix within the P-domain of the adjacent capsomer. This
interaction is important for making numerous intercapsomer H bonds, which are essential
for capsid stability (Zhao et al., 2017). Such interactions, across the quasi or true 2-fold
icosahedral symmetry have been likened to a mortise-and-tenon like joinery highlighting
the importance of intercapsomer interactions.
In the bacteriophage P22 capsid, W61 in the E-loop appeared to be making
contacts with A91, D92 and L401 in the P-domain of the adjacent capsomer (Figure 41). Based on the EOP assay, substitutions A91D resulted in a cs and a ts phenotype,
while A91V had a phenotype similar to phages with WT coat protein (Figure 4-7A).
Substitutions at position D92 to alanine and arginine yielded a phenotype similar to
phages with WT coat protein. Substitution L401A resulted in a cs and ts phenotype, while
L401D was lethal to the phages. This shows that the interacting residues with W61 in the
adjacent capsomer are likely A91 and L401 and not D92. Further, an analysis of the
procapsid and phage particles showed that substitutions at position A91 and L401
resulted in the formation of complex, aberrant particles that sedimented to the bottom of
the gradient due to their high molecular weight (Figure 4-7C, red arrows). This shows
that residues A91 and L401 have an effect on assembly and this could likely be attributed
to a disruption in the interaction with residue W61 in the adjacent capsomer. Upon testing
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the capsid stability of mature virions with coat protein substitutions at positions 91, 92 and
401, it was seen that virions with A91D and L401A coat substitutions were significantly
less stable than virions with WT coat protein (Figure 4-7D). These data show that
residues A91 and L401 have a role to play in procapsid assembly and phage maturation
likely by way of making a hydrophobic pocket with W61. Thus overall, we propose that
residues A91, I366, L401 and W410 act in consortium with W61 to stabilize P22 capsid
using a peg-in-pocket mechanism.

The HK97 fold, thought to be the most common fold in nature, is found
predominantly in the capsids of dsDNA viruses. These viruses also possess similarities
in their assembly mechanisms which entails the formation of an empty precursor
procapsid structure at the end of the assembly process into which dsDNA is packaged.
This packaging event occurs in synchrony with conformational changes in the capsid
proteins, among other proteins, to allow for the virion to attain a mature form. However,
we are yet to fully comprehend the structural changes that accompany the maturation
event. Bacteriophage P22 has been the ideal system to understand the mechanisms of
protein folding and assembly. It acts as a model system for assembly due to the
similarities it shares with other phage and viral systems. It also provides structural insights
due the presence of the HK97 fold in its coat protein making it one of the most attractive
systems to work with. Its high amenability to genetic manipulation makes it an ideal model
to study systems that can potentially act as drug targets for more pathogenic viruses such
as adenoviruses and HSV-1. Understanding mechanisms for capsid stability and
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assembly can further the understanding of assembly mechanisms of phages and viruses
that are structurally related to P22.
Work done in the past to understand the mechanisms of capsid stability hinted at
the importance of electrostatic interactions in capsid stability (D'Lima and Teschke, 2015).
While this might be true for a majority of the phage systems, this work shows that
hydrophobic interactions play a very important role in the maintenance of capsid integrity
in addition to electrostatic interactions in the bacteriophage P22 capsid. The E-loop which
was implicated in stabilizing the capsid by making salt bridges, is shown to stabilize it
using hydrophobic interactions instead. The interactions made between D-loops of
adjacent capsomers might be important to being the capsomers together for the assembly
of a procapsid, but the hydrophobic interactions made between residues W61 (E-loop)
and W410 and I366 (both in P-domain of adjacent subunit) and A91 and L401 (P-domain
of the adjacent capsomer) are important to maintain a robust structure. The disruption of
the interaction by making substitutions at W61 resulted in mostly lethal phenotypes
highlighting the importance of especially this residue.
In the P22-like phage cluster, which is comprised of 78 phages, there are three
major branches namely P22 major branch, Sf6 major branch and CUS-3 major branch
(Casjens and Thuman-Commike, 2011).

The P22 major branch had tryptophan at

position 61, Sf6 major branch had glycine while the CUS-3 major branch had leucine at
this position. Similarly, an analysis of residues at positions 91, 92, 366, 401 and 410
showed that there was a conservation of amino acids within a major branch but diverged
between branches (Figure 4-8). Members of the CUS-3 major branch had a high
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incidence of hydrophobic residues at these positions, similar to P22 major branch, while
Sf6 major branch members had a high percentage of charged residues. This means that
phages of the CUS-3 branch likely use a mechanism of capsid stability similar to P22
while the Sf6 major branch uses ionic stabilizing interactions. It also possible that the
residues involved in hydrophobic interactions could be located in other parts of the coat
protein in the phages belonging to the Sf6 major branch.
Viral capsids self-assemble with a high-fidelity, and involves the collaborative
effect of different interactions such as hydrogen bonds, electrostatic interactions,
hydrophobic interactions etc. Electrostatic interactions can play a central role especially
if the capsid encloses a negatively charged genome which are thought to be the
predominant processes for capsid assembly (Hagan, 2014). In some cases, the primary
driving forces of procapsid assembly are hydrophobic interactions which are attenuated
by electrostatic interactions. For example, the stability of HBV capsids increases with both
temperature and salt concentration which suggests that hydrophobic interactions are the
primary driving forces of stability (Ceres and Zlotnick, 2002a). We have shown that
hydrophobic residues play an important role in stabilizing the capsid of P22 with the aid
of a central residue that interacts with the b-sheet in the P-domain of the adjacent subunit
as well as the capsomer. We propose that a disruption of this interaction results in
improperly formed capsids, which have a decreased stability and increased propensity to
fall apart during packaging of DNA into the capsid head. Perhaps this could be taken into
consideration while designing robust nanocarriers using the P22 capsid to deliver small
molecules and drugs. Conversely, Herpesvirus capsids could be investigated for the
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presence of similar capsid stabilizing interactions, owing to the presence of the HK97 fold.
This knowledge could potentially be further used to design drug targets for Herpesviruses.
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Appendix 1. Role of A326-P56 interaction in capsid assembly

The I-domain the P22 capsid has been shown to play important roles in both
procapsid size and assembly (D'Lima and Teschke, 2015; Suhanovsky and Teschke,
2011). Residue A285 (in the I-domain), initially identified as a site for secondary
suppressors in response to F170K and F170L substitutions in the b-hinge region of the
coat protein, was shown to be particularly important for the capsid. Based on the most
recent structure of the P22 capsid we observed that residue A326 was present on the
same face of the I-domain as A285 (Hryc et al., 2017) (Figures A1-1). We wanted to test
whether A326 also played a role in capsid assembly. Further, we observed that A326 was
in close proximity to P56 in the E-loop (Figure A1-1B). The distance calculated between
the two residues using chimera was determined to be 4.2 Å. We investigated the role of
this potential interaction in either procapsid assembly or maturation.

a.

Substitutions A326K and A326Y have a lethal effect on phages
Site-directed mutagenesis was done to introduce substitutions A326K and A326Y

in the coat protein of plasmid pMS11.

This was used to do EOP assay using

complementation to test the effect of substitutions on the ability of phages to make
infective particles at different temperatures. Substitutions A326S (blue), A326E (black)
and A326C (cyan) had a phenotype similar to phages with WT coat protein (red), while
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substitutions A326Y (green) and A326K (lavender) were lethal to the phages (Figure A11C).
b.

A326Y and A326K result in the formation of petite procapsids
A lysate experiment was done where the host Salmonella enterica cells containing

plasmid pMS11 with the A326 substitutions in the coat protein were infected with 5-13-am
phages containing amber substitutions in gene 5 (encoding coat protein) and gene 13
(encoding holin protein for cell lysis). The infection yielded procapsids and phage particles
with the A326 substitutions in their coat proteins. These were run over a 5-20% sucrose
density gradient to separate procapsids from phages, fractionated and run on a 10%
SDS-PAGE gel. The SDS-PAGE gel slices show the coat and scaffolding proteins of
procapsids (sediment at fraction 16) and mature virions (sediment at fraction 23). The
gradients for samples A326Y and A326K were shifted to the left compared to the WT and
the other samples (Figure A1-2A). This could either be because of the presence of petite
procapsids in the mixture or a decrease in scaffolding protein associated with the coat
protein of the procapsid. The procapsids and phage particles were then observed under
the electron microscope to test for the presence of petite procapsids in these samples to
account for their lethal phenotype.
WT procapsids formed regular sized procapsids (black arrows) and phages in
fractions 16 and 23 respectively (Figure A1-2B). Substitutions A326S and A326C
resulted in regular sized procapsids that were able to undergo maturation as seen by the
formation of mature phages in fraction 23. Residues A326Y, A326E and A326K formed
petite procapsids (white arrows) in addition to the regular sized procapsids (black arrows)
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(Figure A1-2B). Procapsids with A326Y and A326K coat substitutions were unable to
undergo maturation while A326E substitution containing procapsids formed mature, tailed
virions. It is possible that the replacement of alanine with a larger amino acid could be
causing a steric hinderance, thereby affecting the interaction with proline at position 56.
We then wanted to test the effect of replacing the proline with a both a larger and a smaller
amino acid and test its effect on procapsid assembly and formation of infectious virions.
c.

Substitutions at P56 affect procapsid assembly
Using site directed mutagenesis phage mutants with P56A and P56K coat protein

substitutions were generated and EOP assay was done using complementation to study
their effect on phage infection. Substitution P56K did not have a significant effect on
phage infection since the relative titers of phages with P56K coat substitutions were
similar to WT phages at all temperatures tested, except for a slight drop in titer at 22°C.
However, coat substitution P56A had a cs phenotype at 22°C. (Figure A1-3A). It has
been shown that a cs phenotype is due to assembly defect that is caused by the inability
of the coat monomers to fold into the proper conformation (Teschke and Fong, 1996).
A lysate experiment was performed to test the effect of the P56A substitution on
the assembly of procapsids and their ability to undergo maturation and form phages. A 513-am lysate experiment was done where procapsids and phages were obtained by
complementation of either the WT coat protein or coat protein with the P56A substitutions.
Analysis of the 5-20% sucrose gradient fractions to separate procapsids and phages with
P56A substitutions at 16°C showed a significant decrease in the coat protein produced in
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procapsid and phage fractions (16 and 23 respectively) relative to the WT (Figure A13B). Based on qualitative analysis, the amount of scaffolding protein produced was very
low, which means the substitution could potentially be affecting the interaction of the coat
protein with scaffolding protein (Figure A1-3B). There was decrease in the scaffolding
protein associated with coat protein in the WT sample at 16°C relative to the 30°C sample.
It is possible that in vivo a low temperature such as 16°C could negatively impact the
interaction between coat protein and scaffolding protein. At 30°C the amount of coat
protein produced by the P56A mutants was less than their WT counterparts although the
scaffolding protein was comparable between the two samples (Figure A1-3C). Based on
these data, there is possible decreased affinity between coat protein monomers with the
P56A substitution and scaffolding protein could affect their ability to assemble into
procapsids.
The procapsid and phage fractions from the lysate experiments were observed
under the transmission electron microscope to look for aberrant particles that might be
formed as a result of the P56A substitution. WT procapsids formed at 16°C were properly
formed and did not show aberrant particles, there were however not many phages seen
in the phage fraction which we attribute to be an effect of complementation (Figure A13D). Procapsids with P56A coat substitutions formed at 16°C appeared to be similar in
morphology to the WT procapsids, however the phage fraction (fraction 23) was
composed almost entirely of tubes (red arrows, Figure A1-3D). Procapsids with WT coat
protein at 30°C were regular sized and were able to mature into virions (black arrows,
Figure A1-3E). Procapsids from fraction 16 of the P56A samples formed at 30°C were
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comprised of a mixture of properly assembled as well as aberrant procapsids. A similar
phenomenon was seen in the phage fraction, which was made up of a mixture of mature
phages (black arrows) and tubes (red arrows). These data provide evidence for the fact
that P56 plays a role in assembly. We wanted to further test whether this was seen as a
result of a disruption of its interactions with A326.
d.

P56A does not rescue the phenotype of A326K
Substitution P56A-A326K was generated to test whether the P56A would rescue

or alleviate the lethal effect of A326K on the phages. P56A-A326E substitution was also
generated to test its effect on the phenotype of A326E, which was similar to WT (Figure
A1-1A). Substitution P56A-A326E resulted in a cs and ts phenotype. The double
substitution caused a slight alleviation in the cs phenotype of the single P56A substitution
but caused a ts phenotype which was not previously seen in either P56A or A326E
substitutions by themselves (Figure A1-4). However, since P56A-A326K substitution had
a lethal phenotype it is unlikely that there is a partnership between P56A and A326K.

The HK97 fold shows amazing flexibility in accommodating the increase in capsid
subunits requisite to viruses with larger genomes. Capsids with the HK97 fold can vary in
size from 45-200 nm in diameter (Bamford et al., 2005) however, the evolution of the
HK97 fold and the subunits involved to allow for this flexibility are yet to be determined.
An understanding of the residues involved in the capsid size determination P22 could
provide useful insights into these mechanisms. Residue A326 has a role to play in capsid
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size determination since substituting the residue to glutamate, lysine and tyrosine resulted
in the formation of petite procapsids. The mechanism with which A326 plays a role in the
capsid assembling into the correct size and conformation is not by interacting with residue
P56 and is yet to be determined.
It has been shown that the E-loop is in involved in capsid stability by interacting
with P-domains of the adjacent subunits as well as capsomers. Residue P56 in the Eloop of the P22 capsid, is involved in the assembly process because a substitution at that
site to alanine resulted in a cs phenotype, it was further confirmed by observing the
presence of tubes in the electron microscope. Tube formation has been attributed to
either a change in the scaffolding protein or an effect on the nucleation reaction during
procapsid assembly (Moody, 1999). Tube formation has been seen in the past when
mutations were made in the D-loop of the of P22 capsid. It was shown that the
destabilizing effects of the substitutions on the P22 capsids resulted in the formation of
tubes (D'Lima and Teschke, 2015). Tube formation has also been seen when substitution
F170L was made in the b-sheet region, part of the b-hinge in the A-domain of the P22
capsid. The mutants assembled into tubes in vitro in the absence of scaffolding protein.
This phenotype was rescued in the presence of scaffolding protein (Parent et al., 2007b).
Further it was shown that these mutants have decreased flexibility which is important for
the procapsids to undergo the conformation switch necessary for achieve proper
conformation during maturation (Suhanovsky et al., 2010).
It is possible that the formation of tubes by the P56A mutants could be because of
an altered interaction with scaffolding protein, which results in improper folding and
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conformation of the capsid proteins. It is also possible that this residue plays a role in
capsid stability because it has a negative effect on procapsid assembly. While the
mechanism with which P56 and A326 affect procapsid assembly is yet to be discovered,
these data show the complexity of interactions that ensue to ensure the formation of a
functioning infective virion.
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Figure A1-1 Intrasubunit interactions between I-domain and E-loop. A. Coat protein
monomer of P22 capsid. The I-domain has been shown in coral and the E-loop has been
shown in yellow. The inset is highlighting residues A285 and A326 (in the I-domain) and
P56 (in the E-loop). 1B. Zoomed in view of the inset from 1A where residue A326 (cyan)
is on the same face of the I-domain as A285 (fuchsia). Residue A326 in the I-domain
appears to be making contacts with P56 (navy) in the E-loop. C. EOP assay to test effect
of coat substitutions on phage infectivity. Titers of phages with coat protein substitutions
A326S (blue), A326Y (green), A326E (black), A326K (purple) and A326C (cyan) at 22°C,
30°C, 37°C and 41°C relative to phages with WT coat protein (red) at 30°C.
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Figure A1-2. Coat protein substitutions at A326 can result in the formation of petite
procapsids. A. 10% SDS-PAGE gels showing sucrose gradient fractions of procapsid
and phage mixture from a 5-13-am lysate experiment of mutants with A326 coat
substitutions and WT coat protein. Procapsids sediment at fraction 16 and mature virions
sediment at fraction 23. CP, coat protein; SP, scaffolding protein. B. Electron micrographs
of procapsids from fraction 16 and phages from fraction 23 of the sucrose density
gradient. Top panel shows procapsids and bottom panel shows phages with WT coat
protein and coat protein with A326S, A326Y, A326E, A326K and A326C substitutions.
Black arrows represent regular sized procapsids and white arrows represent petite
procapsids. Scale bar is 100nm.
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Figure A1-3. P56A coat substitutions result in assembly defects. A. Titers of phages
with P56K (navy) and P56A (green) substitutions relative to phages with WT coat protein
(red) at 22°C, 30°C, 37°C and 41°C as tested by EOP assay. B. 10% SDS-PAGE gel
slices showing fractions from 5-13-am lysate performed at 16°C to separate procapsid
and phage mixture with P56A coat substitution and WT coat protein. Procapsids sediment
at fraction 16 while mature virions sediment at fraction 23. CP, coat protein; SP,
scaffolding protein. C. 10% SDS-PAGE gel slices showing fractions from 5-13-am lysate
experiment done at 30°C to separate procapsid and phage mixture with P56A coat
substitution and WT coat protein. Procapsids sediment at fraction 16 while mature virions
sediment at fraction 23. CP, coat protein; SP, scaffolding protein. D. Electron micrographs
of procapsids (fraction 16) and mature virions (fraction 23) of samples obtained from 513-am lysate experiment performed at 16°C with the P56A coat substitutions and WT coat
protein. Red arrows are highlighting tubes that were formed as a result of the P56A coat
substitution. E. Electron micrographs of procapsids (fraction 16) and mature virions
(fraction 23) of samples obtained from 5-13-am performed at 30°C lysate experiment with
the P56A coat substitutions and WT coat protein. Black arrows are highlighting mature
virions and red arrows are highlighting tubes. Scale bar is 100nm.
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Figure A1-4. P56A does not rescue the phenotype caused by A326K. EOP assay
showing the titer of phages with WT coat protein (red), P56A-A326E (blue) and P56AA326K (green) substitutions in the coat protein at temperatures 22°C, 30°C 37°C and
41°C.
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Appendix 2. Second site suppressors of A285T substitutions

Temperature sensitive folding (tsf) mutants have been identified in the P22 coat
protein (Gordon and King, 1993, 1994). The mutants have an increase in the secondary
and tertiary structures resulting in their inability to form assembly competent structures
(Teschke, 1999). Further, an increase in the local concentrations of GroEL and GroES
chaperones was able to rescue their folding defects (Gordon and King, 1994;
Nakonechny and Teschke, 1998). Three second site suppressors, D163G, T166I and
F170L were isolated repeatedly in response to many of the tsf mutants and alleviating
their folding defects (Aramli and Teschke, 1999). The substitution F170K in the coat
protein by itself resulted in tube formation along with having a ts phenotype which was
proposed to decrease the inherent flexibility of the A-domain (Suhanovsky et al., 2010).
A285T (in the I-domain) was isolated as a second site suppressor of the F170K
substitution and although it fixed the tube formation phenotype of F170K mutants, there
were still some assembly defects caused by the F170K:A285T substitution as seen by
the formation of petite procapsids (Suhanovsky and Teschke, 2011). Phages with A285T
coat substitutions had a cs and ts phenotype, while A285Y and A285F substitutions
resulted in a lethal phenotype. A285 substitutions resulted in the formation of petite
procapsids and there was a direct correlation between the size of the amino acid
substituted and the percentage of petite procapsids formed. Residue A285 in the I-domain
of the P22 coat protein is responsible for the capsids attaining the right conformation and
size by increasing the flexibility of the A-domain (Suhanovsky and Teschke, 2011).
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This study attempts to identify second site suppressors of A285T substitution in
the I-domain of the P22 coat protein and whether, upon identification, they can alleviate
the phenotype of the A285T mutants.

a.

V211A and T166A were repeatedly isolated as the second site suppressors
Due to the cs and ts phenotype of the A25T coat variants at 22°C and 41°C

respectively, second site suppressors of A285T were identified at 41°C. A285T
substitution was introduced into phages using recombination. Here, host cells containing
pHBW1 plasmid with the A285T substitution in gp5 were infected with 5-am phages at
30°C to introduce the substitution in the phage genome via recombination. Phages
containing the A285T coat substitution after recombination were then plated at 41°C and
gene 5 encoding coat protein was amplified from the plaques obtained. V211A and T166A
were repeatedly isolated as second site suppressors to the A285T primary substitution in
the coat protein (Figure A2-1). T166 has been previously identified as a site for global
suppression however, this was the first time a second site suppressor (V211A) was
isolated in the b-3 sheet of the A-domain.
b.

V211A rescues the phenotype of A285T
Site-directed mutagenesis was done to generate A285T:V211A or A285T:T166A

coat substitutions in plasmid pMS11 which was used for efficiency of plating. An EOP
assay was done using complementation to test whether T166A and V211A could rescue
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the cs and ts phenotype of A285T. Further, the phenotype of phages containing V211A
and A285T coat substitutions by themselves was also tested. V211A by itself had a slight
cs phenotype at 22°C and A285T by itself had a cs and ts phenotype at 22°C and 41°C
respectively, as has been shown previously (Suhanovsky and Teschke, 2011). The
A285T:V211A sample had a phenotype similar to phages with WT coat protein at all
temperatures tested meaning V211A was rescuing the phenotype caused by A285T.
(Figure A2-2). A similar effect was seen with A285T:T166A, in that its phenotype was
similar to WT phages at all the temperatures tested.
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A

B

A285
Rotated 180o

T166A

V211A

Figure A2-1. Second site suppressors generated in response to A285T substitution
in the I-domain of the P22 coat protein. A. Coat protein monomer of P22 with the Adomain in cyan, P-domain in green, I-domain in coral, N-arm in red. Inset is showing the
A285 residues and second site suppressors generated in response to the A285T
substitution. B. Zoomed in inset and rotated 180° from A showing residue A285 (fuchsia)
in the I-domain. Residues V211A (navy) and T166A (grey) in the A-domain are second
site suppressors of A285T of the P22 coat protein.
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Figure A2-2. V211A and T166A fix the phenotype caused by the A285T substitution.
EOP assay to test the titers and phenotypes of phages with WT coat protein (red) or
V211A (navy), A285T (green), A285T-V211A (black), A285T-T166A (cyan) coat
substitutions. Titers of coat variants were tested at 22°C, 30°C, 37°C and 41°C relative
to WT coat protein phage titers at 30°C.
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Since A285T second site suppressor in the I-domain was generated in response
to the F170K substitution in the A-domain, the appearance of the second site suppressor
for A285T in the A-domain was unsurprising. However, this is the first instance of a
second site suppressor to occur in the third b-sheet of the A-domain. This clearly shows
that the A-domain and the I-domain have a sort of compensatory mechanism to account
for any changes in these domains that could cause irregularities in the assembly process.
It would be interesting to test the effects of substitutions at position V211 on assembly
and flexibility of the P22 procapsid. Further, any phenotypes resulting from substitutions
at position V211 could be tested for second site suppressors to understand the interdomain interactions that A-domain, specifically the third b-strand, could have with other
regions of the coat protein. While a lot is yet to be discovered about the communications
between the different regions of the coat protein that ensure proper assembly and
maturation of P22, second site suppressor searches prove to be nature’s way of showing
us the answers to solve this mystery.
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